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ABSTRACT 
 
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 
SCHOOL OF ENGINEERING SCIENCES 
 
Doctor of Philosophy 
 
DYNAMIC ANALYSIS OF MAGNETORHEOLOGICAL ELASTOMER 
CONFIGURED SANDWICH STRUCTURES 
 
by Won Jun Choi 
 
The work presented in this thesis is concerned with the investigation of the dynamic 
behaviour of magnetorheological elastomers (MREs) and smart sandwich structures. 
An extensive review, covering existing smart materials and their applications, has 
highlighted that smart materials and structures can be applied to large scale structures. 
Comprehensive experimental tests have been carried out in order to gain knowledge 
and data on the dynamic shear properties and behaviour of stiffness change of MRE 
and MRE cored adaptive sandwich beam structures depending on magnetic fields. 
Dynamic shear property tests with different curing stages have been enhanced to 
obtain various properties. The new developed forced vibration test rig enabled forced 
vibration tests of MRE embedded sandwich beam with various aspects such as 
different magnetic field strength, various oscillations of force amplitudes, boundary 
conditions and damping effects under localised magnetic fields to be made. In parallel 
to these experimental investigations, a new theoretical model was developed by 
combining the magnetisation effects on iron particles in terms of the curing times. In 
addition, a new macro scale modelling approach for rubber like materials (nonlinear 
behaving materials) was made by adopting FEA analysis to obtain the optimum 
volume of pores and size of iron particles to enhance the performance of MREs. A 
higher order sandwich beam theory is extended to include damping properties of 
MRE. It has been demonstrated that a higher order sandwich beam theory appears to 
be the most versatile and accurate modelling method for a sandwich beam with an 
MRE core material. The results from higher order theory have been combined with a 
power flow analysis for the smart floating sandwich raft vibration isolation system. 
Finally, an experimental study was performed to illustrate the control capabilities of 
MRE adaptive vibration absorber for a propeller shaft in real time. From this research 
work, a better understanding of the dynamic behaviour of MRE embedded sandwich 
beam has been acquired. Contents
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E′, E′′ storage and loss Young’s modulus of the skin
E′
c, E′′
c storage and loss Young’s modulus of the core
Eref reference Young’s modulus
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G∗
c complex shear modulus of the core
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c, G′′
c storage and loss shear modulus of the core
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Mp average particle polarization
Ms saturation polarization of the particles
Mp
xx bending moment of the skin
xvMi, Mr values of the induced and regime magnetisations
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xx axial force of the skin
Pi power ﬂow through any interface of the ith substructure
R radius of iron particle
Ri radius of each particle
Si (i=1,...,n)substructures in general coupled system
T kinetic energy
U strain energy
Uhost strain energy density of a host elastomer
Umag strain energy density of a magnetically induced elastomer
Lower Case Symbols
b width of the beam
d particle diameter
h the gap between particles in a chain
mt mass per unit length of the top skin
mb mass per unit length of the bottom skin
mc mass per unit length of the core
dv volume of a differential segment
qp
n(t) time dependent coordinates
r distance between the origin of each particle
t time in seconds
ub, ut displacement of bottom and top skin in the horizontal direction
uc displacement of core in the horizontal direction
˙ ub, ˙ ut velocity of bottom and top skin in the longitudinal direction
˙ uc velocity of core in the horizontal direction
vbot, vtop volume of bottom and top skin
vcore volume of the core
xviwb, wt displacement of bottom and top skin in the vertical direction
wb displacement of core in the vertical direction
˙ wb, ˙ wt velocity of bottom and top skin in the vertical direction
˙ wc velocity of core in the vertical directions
x longitudinal co-ordinate
xa location where concentrated load applied
Greek Alphabet
α fractional unsaturated area of particle
αx uniaxial stress-strain parameter
β curve ﬁtting constant
γc the shear strain in the core
δ variation operator
tanδ loss angle
ǫ normal strain
ǫt
xx longitudinal normal strain in the top skin
ǫb
xx longitudinal normal strain in the bottom skin
ǫzz vertical normal strain in the core
η modal loss factor
λ∗ complex eigenvalue
λ
′
n real eigenvalue
λ
′′
n imaginary eigenvalue
λx (x=1, 2, 3) principal extension ratio
 0 magnetic permeability of a vacuum (4π×10−7H/m)
 1 relative permeability
νx uniaxial stress-strain parameter
ξ damping ratio
ρc density of core
xviiσt
xx longitudinal normal stress in the top skin
σb
xx longitudinal normal stress in the bottom skin
σzz vertical normal stress in the core
τ time constant varied by temperature
τc shear stress in the core
φ volume fraction of particles
ϕ
(5)
n normal mode functions for the base structure
ψp
n(x) mass normalised mode shapes
ωn resonance frequency
Matrix and Vector Notations
A
e
i equivalent mobility matrix of substructure
Ai generalized mobility matrix
F vector of force applied
[K
∗] complex stiffness matrix
[¯ K
∗] complex stiffness matrices
[M] mass matrix
[ ¯ M] ordinary symmetric matrices of the mass
N
v
i velocity transmissibility matrix
ez unit vector in z direction
mi dipole moment of spherical shape of each iron particle
vi velocity response vector
ˆ vn+1 unit velocity input
ˆ vn+1 boundary motion excitations
[Λ] matrix of eigenvectors
xviiiOther Symbols
(˙) derivative with respect to time
( ¨ ) second derivative with respect to time
Abbreviations
AUV autonomous underwater vehicle
ERF electrorheological elastomer
MRE magnetorheological elastomer
MRF magnetorheological ﬂuid
MSMA magnetic shape memory alloy
MsS magnetostrictive sensor
PFC piezoceramic ﬁbre composite
PVC Polyvinyl chloride
PVDF polyvinyldene ﬂouride
PZT lead zirconate titanate
SEM scanning electron microscopy
SMA shape memory alloy
SMP shape memory polymer
TVA tuneable vibration absorber
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Introduction
Smart materials have been used to tackle vibration problems with various control
schemes. Smart materials, such as piezoelectric materials, shape memory alloys,
controllable ﬂuids and elastomers, have the abilities as sensors, actuators and con-
trollers by adding some amount of secondary sources such as thermal, magnetic
or electric energy. A lot of studies and applications for aircraft, astronautics and
civil engineering to attenuate vibration problem using smart materials have been
developed. However, up until now, less effort has been focused at ship structures.
A ship structure is subjected to various kinds of dynamic loads exciting ship vi-
brations which not only affect operation and health of crew on board but cause
damages to ship and its cargo. These vibration sources have been controlled by
structural modiﬁcation of local supporting structure in a passive way. However,
when the frequency ranges of vibration source of ship structure are variable, the
passive control scheme is no longer suitable. This is to say, it is essential to adopt
smart materials to attenuate vibration forces. Smart materials have been used by
means of bonding or embedding to composite or sandwich structures. A sandwich
structure consists of two laminated skins and one core material which can be tai-
lored to produce stiffened structural properties by several means of lamina or ply.
The greatest advantage with sandwich structure is that the strength and stiffness
are increased without a corresponding increase in the weight. The increasing uses
of sandwich structure is mainly due to its advantages of light weight, high stiffness
and strength. The other advantage of sandwich structure is its adaptiveness. This
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has brought about the requirement for smart sandwich structures. In this study,
magnetorheological elastomer (MRE) is mainly considered as a core material in a
sandwich structure in this thesis.
The aim of this thesis is to present the use of MRE to reduce the vibration prob-
lems in large scale ship structures. The principal objectives of the thesis are accord-
ingly
• To achieve the better performance of MRE through the dynamic shear prop-
erty test with various aspects in conjunction with the enhanced theory and
macro scaled ﬁnite element analyses;
• To investigate dynamic behaviour of MRE core conﬁgured smart sandwich
structure in terms of different magnetic ﬁeld and various boundary condi-
tions, as well as to estimate the changes of resonant frequencies and modal
damping of the MRE conﬁgured sandwich beam using higher order sand-
wich beam theory;
• To apply smart sandwich structure as a ﬂoating raft vibration isolation sys-
tem through a power ﬂow analysis;
• To explore a potential application of smart vibration absorber for a propeller
shaft in the ship structure.
2Chapter 2
Literature Review on Smart Materials
and Smart Structures
2.1 Background
The term smart structures might come from wide acceptance of knowledge of
structures that responsed in a reasonable way to environmental stimuli and self-
actuate without external human intervention. A smart structure can also be called
an active structure (Wada et al. , 1990), an intelligent structure (Crawley, 1992), and
an adaptive structure when a smart material is adapted to a conventional struc-
ture, which involves some vital factors including static structural material, inte-
gral components such as sensors, processors and actuators that sense a force from
the environment and adjust the shape, making the structure more rigid or more
ﬂexible depending upon the force (Clark et al. , 1998).
Smart structures can be controlled by smart materials which can change their
shape or properties under power such as electrical voltages or magnetic ﬁelds.
Smart materials such as piezoelectric, electrorheological, magnetorheological ma-
terials and shape memory alloy are designed into structures by means of embed-
ding or bonding to structural surfaces directly and utilized as actuators, sensors
and feedback controllers.
The development of smart materials has provided the potential feasibilities and
changed design methodologies of structures. As a result, smart structures could
not merely control structural responses in terms of stimuli, but could include adap-
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tations and feedback which can adjust stimuli continuously. The purpose of using
smart structures is to make the structure more adaptive than conventional struc-
tures. An important factor is to minimize the life cycle cost. For instance, inap-
propriate initial design may lead to catastrophic disaster to buildings in an instant.
Smart suspension of building structures can absorb energy of earth tremors in-
stead of trying to resist the tremor forces. Once sensors detect structural changes,
actuators could minimize vibration forces and reduce or eliminate damage.
Smart materials should be used where low maintenance cost is required. For
example, when cracks occur inside a structure, embedded healing agent can de-
tect and cure structural damage without any intervention whereas a conventional
structure would be required to be observed and repaired by human. If a tremen-
dous expenditure for maintaining a building is taken into consideration, using
smart structures provides an attractive solution to attenuate the cost of mainte-
nance, although the initial cost is high.
2.2 Smart Materials
Recently developed smart materials, such as piezoelectric materials, shape mem-
ory alloys, controllable ﬂuids and elastomers have opened a new approach for
structural control. Most smart materials that are able to act as actuators allow
smart structures to adapt to their changing environment.
Table2.1showssmartmaterialsintermsofstimulus/inputandresponse/output.
Smart materials can change their stiffness, shape, viscosity or other properties by
means of variations in electrical ﬁeld, magnetic ﬁeld, or temperature. Each smart
material has a broad range of parameters in terms of its function. In this study, the
viewpoint of mechanical response with various stimuli is considered for applica-
tions to large scale marine structures.
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Table 2.1: Categorising smart materials
Stimulus
/ Input Mechanical Electrical Optical Magnetic Heat
Response
/ Output
Mechanical Auxetics Piezoelectric Photostrictive MR Fluid Shape Memory
Thixotropics Electrostrictive MR Elastomer Alloy (SMA)
Piezo-resistive SM Polymer (SMP)
Electrical Piezoelectric Ferroelectrics Photovoltaic Thermoelectric
Electrostrictive Electrocaloric
Optical Electrochromic Magneto-optic
Magnetic Magnetoelectric Magneto-optic
Paramagnetic
Diamagnetic
Heat Thermoelectric Magnetostrictive
Electrocaloric MagnetoCaloric
Structural PZT Fibre optics Magnetostrictive
health Electrostrictive Sensor (MsS)
monitoring Piezo-resistive
Self healing Micro-encapsulated SMA
and repairing chemicals SMP
Shape control Auxetics ER material Magnetic shape SMA
(Actuator) Shear thickening Piezoceramic memory alloy SMP
ﬂuids ﬁbre composite (MSMA)
(PFC)
V ibration and PZT MR Fluid SMA
noise control PVDF MR Elastomer SMP
ER material
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2.2.1 Piezoelectric materials
Piezoelectric materials generate an electric ﬁeld along their surface when subjected
to a mechanical stress. On the other hand, piezoelectric materials show a shape
change when an electrical ﬁeld is applied. It can be compressed or expanded de-
pending on the polarity of electrical ﬁeld. PZT (lead zirconate titanate) and PVDF
(polyvinyldene ﬂouride) have been used either as an actuator or as a sensor. PVDF
exhibits piezoelectricity several times greater than quartz. Unlike ceramics, where
the crystal structure of the material creates the piezoelectric effect, in polymers
the intertwined long-chain molecules attract and repel each other when an electric
ﬁeld is applied. Most piezoelectric actuators and sensors, either surface bonded or
embedded in the host structures for the adaptive structure system, are based on
either its extension or shear mechanism. Piezoelectric materials are rather rapid
(msec - range) in the small deformation. Piezoceramics have a high structural stiff-
ness, which can afford them a strong and voltage dependent actuation authority.
Since high voltages correspond precisely to only tiny changes in the width of crys-
tal, piezoceramics are used as common rail diesel fuel injection in a car (Randall
et al. , 2005). Recently, intensive efforts have been focused on developing high per-
formance piezo-actuators which are supposed to be applicable to vibration sup-
pression of large structures such as marine and aerospace structures, actuating
control surface of small-scale airplanes, morphing wing sections and so on (Buter
& Breitbach, 2000).
The increase of high performance and ﬂexibility of actuators has resulted in
the increase of requirement of actuator as shape control. Shape control is deter-
mined by the required range of displacement and agility of the system. Studies
on piezoceramic ﬁbre composite (PFC) actuators have been carried out theoreti-
cally and experimentally. Due to being conformable, durable and more responsive
than regular monolithic devices (Lloyd, 2004), PFCs exhibit the best application
of piezoelectric materials. Many examples of applications are airplane wings to
improve aerodynamic lift and reduce drag, rotor blades to increase hub lift and
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reduce vibrations due to imbalance and reﬂector surfaces to improve the antenna
performance (Marc, 1998). Macro Fiber Composite actuator has been developed
by NASA Langly Research Center (LaRC-MFCTM), and it has been used for com-
mercial purpose. MFC strain performance exceeds by up to 150% (Wilkie et al. ,
2000).
Since piezoelectric materials do not need windings, they can be ﬁxed to a struc-
ture and do not require electrical or mechanical commutation. However, there
are several disadvantages to implement this sensitive type of material; in a way,
the brittle nature of ceramic makes them vulnerable to accidental breakage during
handling and bonding procedures. Piezoelectric ﬁbre composite technology has
also difﬁculties associated with processing during actuator manufacture and the
high actuator voltage requirements (Yoshikawa et al. , 1999). Moreover, their small
range (e.g. 0.2 % strain of PZT) of mechanical motion may not apply to large scale
structures.
2.2.2 Shape memory alloys
Shape memory alloys (SMAs) are those that remember their geometry. SMAs pro-
duce a signiﬁcant shear strain induced by temperature change; they are normally
made in the shape of wires or foils. The length of an SMA wire or foil can be re-
duced when heated and can be brought back to its original geometry by cooling.
These are owing to a temperature-dependent phase transformation from a low-
symmetric to a highly symmetric crystallographic structure. The former, marten-
site, is more changeable at the lower temperature phase present in shape memory
alloys whereas the latter, austenite, is stronger at the higher temperature phase.
The nickel titanium alloy (e.g. Nitinol, for Nickel Titanium Naval Ordnance Lab-
oratory) exhibits strain up to about 8% and will recover its original shape when it
is heated above its activation temperature (Dittrich, 1998). Since various shapes of
SMA can be used for different purposes, SMA wires can be embedded or attached
to host structures as hybrid composites which have a combination of two or more
7CHAPTER 2. LITERATURE REVIEW ON SMART MATERIALS AND SMART
STRUCTURES
reinforcement ﬁbres or material. Due to the novelty of changing its elastic modu-
lus, SMA could be a vibration absorber (Rustighi et al. , 2005), a shape controller
(Oh et al. , 2001) and a device for self repairing (Peairs et al. , 2004). Among the ma-
jor challenges of using SMA is the considerable dependence of the control schemes
on the external temperatures.
SMAs have low bandwidth and are well suited mainly for slow actuation re-
quirements. SMAs would be appropriate when a large displacement and slow
response are required. However, SMAs have poor fatigue properties. While un-
der the same loading conditions such as twisting, bending and compressing, SMA
elements may survive for much less times than a steel component. Moreover, the
slow response characteristic of SMA actuators is incompatible with high speed
controller.
2.2.3 Controllable ﬂuids
Controllable ﬂuids can change their viscosity by external stimuli such as electric
and magnetic forces with rheological behaviour. There are two commercial ﬂuids
known as electrorheological ﬂuids (ERFs) and magnetorheological ﬂuids (MRFs).
ERFs are kinds of smart material with variable viscosity depending on varying
electric ﬁeld intensity. ERFs consist of some type of low viscosity insulating liq-
uid, mixed with nonconductive particles usually in the range of 1-10 m diameter.
When the electric ﬁeld intensity reaches an outset value, ERF will change from liq-
uid to a solid-like structure, exhibiting solid like characteristics as shown in Fig.
2.1. The change is almost instantaneous, within a few milliseconds or so. Re-
versely, when the electric ﬁeld is removed, ERF will be changed from the solid-like
structure back to liquid instantaneously. Yield stresses in shear for modern mate-
rials are of the order of 10 kPa for static loading, and 5 kPa for dynamic loading
(Block & Kelly, 1988).
Due to advantages of these novel properties, ERFs have been used for tactile
sensation to human interaction with computers for vehicular instrument control
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Figure 2.1: Electrorheological (ER) ﬂuid (a) Non-activated (b) Activated (Weinberg
et al. , 2005)
(Weinberg et al. , 2005). However, they require high voltages. The increase in elec-
tric ﬁeld across the ERF from 0 to 2 kV is proportional to an increase of 25 - 50 %
in equivalent viscous damping (Phani & Venkatraman, 2003). In addition, they re-
quire a very high dielectric constant to generate a large electomechanical coupling.
Furthermore, they are vulnerable to contamination easily, therefore affecting the
structural integrity of smart structural systems (Madden et al. , 2004).
Magnetorheogical ﬂuids (MRFs) consist of micron sized magnetically perme-
able particles suspended in a non-magnetic medium. Properties of MRFs can be
controlled by the application of a magnetic ﬁeld. Although research into MRFs
started at the end of the 1940’s (Rabinow, 1948), only in recent years have their
potential applications as semi-active dampers for vehicles, buildings and bridges
been recognised (Carlson & Jolly, 2000; Ginder et al. , 2000; Jolly et al. , 1999). MRFs
produce a strain under the change of a magnetic ﬁeld by micron sized magneti-
sable particles dispersed in a carrier medium. Their viscosity changes with the
application of an external magnetic ﬁeld. MRFs could be used where controlled
vibration and impact energy dissipations are required. MRFs are being developed
for use in car suspensions (Carlson & Jolly, 2000), washing machines, building
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foundations and bridges. MRFs have been used for semi-active control devices
and have the properties that can be controlled to optimally reduce the response of
the large scale systems such as buildings and bridges (Ribakov & Gluck, 2002).
A selective controllable base isolation system with MR dampers has been de-
veloped to improve the seismic behavior of multistory building (Ribakov & Gluck,
2002) and to reduce pier drifts (Sahasrabudhe & Nagarajaiah, 2005) respectively.
The rheological and magnetic properties of several commercial MR dampers are
presented by Jolly et al. (1999). The full-sized MR seismic damper is shown in Fig.
2.2. The damper utilizes a particularly simple geometry where the outer cylindri-
Figure 2.2: MR seismic damper (Jolly et al. , 1999)
cal housing is part of the magnetic circuit. The ﬂuid oriﬁce is the entire annular
space between the piston outside diameter and the inside of the tubular damper
housing. Movement of the piston makes the ﬂuid to ﬂow through this entire annu-
lar region. The damper is double ended, that is, the piston is supported by a shaft
on both ends.
There are several differences between MR and ER ﬂuids as described in Table
2.2. The increase of external magnetic ﬁeld strength causes the increase of MR
viscosity. The advantages of MRFs are that they are less affected by contaminant.
Therefore, they can be adapted to structures in saline environments. MRFs are op-
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erated directly from low-voltage power supplies. Operational powers for MRFs
span from 2 to 25 V while ERF requires high electrical ﬁelds from 2 kV to 5 kV.
Due to the strong dipole interaction of the magnetic particles of the ﬁller, MRFs
have relatively high yield stress while ERFs have low yield stresses, of the order of
only several kPa. Their temperature ranges from -50 to +150 ◦C, i.e. ranges that are
generally common during manufacture and usage. On the other hand, ERFs are
quite sensitive to the pollutants. Particularly moisture or especially water which
adversely inﬂuences the strength of this material. Due to the suspended iron par-
ticles, problems with both ERFs and MRFs are clump, deposition, environmental
contamination and sealing problems, which have so far prevented their wide ap-
plication.
Table 2.2: Comparison of properties of typical MR and ER ﬂuids (Carlson & Jolly,
2000; Housner et al. , 1997)
Properties MR Fluids ER Fluids
Max yield stress τy 50-100 kPa 2-5 kPa
Operational temperature range -50-150◦C 10-90◦C
Stability Not affected by Cannot tolerate
most impurities impurities
Response time ms ms
Density 3-4 g/cm3 1-2 g/cm3
Power supply (typical) 2-25 V 2-5 kV
1-2 A 1-10 mA
(2-50 W) (2-50 W)
11CHAPTER 2. LITERATURE REVIEW ON SMART MATERIALS AND SMART
STRUCTURES
2.2.4 Controllerable elastomers
Electrorheological elastomers
The principle of electrorheological (ER) elastomers is similar to that of ER ﬂuids.
When elastomers, comprising natural or synthetic rubber, have polarizable parti-
cles dispersed in them, then they can undergo changes in properties while sub-
jected to an electric ﬁeld or a magnetic ﬁeld. The applications include variable
stiffness mounts, such as engine mounts, made from the composition.
ER elastomers have exhibited up to 380% strain when they are highly pre-
strained at 5 to 6kV (Pei et al. , 2004) as well as large elastic energy density. Due
to excellent space saving characteristics, they could be used for multi-degrees of
freedom robot legs (Pei et al. , 2004). A good example is ER elastomers as actuator,
which can produce different resistive torque value or shear stress depending on
the applied voltage and mode. Using these novel feature of ER elastomers, a small
working robot with spring roll, as each of its six legs made of electro elastomer
(Pei et al. , 2004), has been developed. These actuators exhibit large strain and have
many advantages of lightweight, compact, powerful interfaces and operate effec-
tively (Sherrit, 2005). However, due to the low elastic modulus, ER elastomers can
not make massive power to actuate high stiffened structures. The strain depends
on the elastic modulus of the polymer and the strain-electric ﬁeld relationship of
electro-rheological material is nonlinear at large strains.
Magnetorheological elastomers
Magnetorhelogical elastomers (MREs) are composed of tiny ferrous particles in
chains and an elastomer such as synthetic rubber or natural rubber. In particular,
the incorporation of ﬁller particles is known to increase the stiffness of the mate-
rial, change the strain history dependence of the stiffness and alter time-dependent
aspects of material behaviour such as hysteresis and stress relaxation (Bergstrom,
1999). When liquid state rubber combined with ferrous particles is exposed to
a steady magnetic ﬁeld, the ferrous particles will form chain-like structures ar-
12CHAPTER 2. LITERATURE REVIEW ON SMART MATERIALS AND SMART
STRUCTURES
ranged along the magnetic ﬁeld as shown in Fig. 2.3. The key difference between
MREs and MRFs is that MRFs are liquid and used in viscosity controllable devices
whereas MREs are solid and used for stiffness controllable devices (Zhou & Wang,
2005). The most noteworthy aspect is that the particle chains within the elastomer
composite are intended to always operate in the pre-yield regime while MRFs typ-
ically operate in a post-yield continues shear or ﬂow regime (Jolly et al. , 1996a).
MREs are a durable material which can be operated in severe temperatures (-50◦C
to 150◦C) with low voltage supplies.
These magnetic ﬁeld sensitive materials with tunable elastic properties may
ﬁnd many applications in elastomer bearings and vibration absorbers. MREs can
be used in applications where stiffness or resonance frequency change is needed
(Jolly et al. , 1999). In recent years their potential capability has been increasingly
recognised as semi active control devices in car suspensions. The Toyota central
R&D laboratory has developed an engine mount (Shiga et al. , 1992) and Ford mo-
tor company have developed an automotive bushing (Watson, 1997) with MREs in
order to improve passenger comfort.
Figure 2.3: Aligned MRE particles under the magnetic ﬁeld (left) and randomly
dispersed MRE particles without magnetic ﬁled (right) (Stepanov et al. , 2007)
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2.3 Smart Material Control Systems
Apart from the use of better functional materials as sensors and actuators, an im-
portant part of a smart structure is to develop an optimized control system that
could lead the actuators to perform required functions after sensing changes. Con-
trol systems could be active, semiactive or passive. The key difference between
”active” and ”passive” surely is related to the fact that for the former one needs
to sense the response and stimulus and then have an algorithm that adjusts the re-
sponse for certain stimuli that would otherwise have been undesirable whereas in
the latter case there is no sensing law rather reliance placed solely on the intrinsic
characteristics of the materials or structural system to adjust response ”automati-
cally” or ”naturally” according to preordained / determined laws or characteris-
tics.
An active control system is a mechanical system with the ability to alter its con-
ﬁguration, form or properties in response to changes in the environment rapidly.
Active control systems can change output value of an object directly by adapting
force actuators whereas the only way for passive system is isolating or attaching
damping patch on vibrating sources. Active control systems have been applied
to a wide variety of objects such as machines, structures and biological systems
etc. The advance of processing technology in piezoelectric materials has also been
beneﬁting their successful applications in the special requirement of structures. In
active control systems, there are many smart structures integrated with the piezo-
electric materials for the particular demand in accomplishing a variety of sophisti-
cated mechanical tasks through a feedback systems such as active control of noise
and vibration. Such systems are used to control the response of structures to inter-
nal or external excitation, such as vibration and noise control, shape control and
structural health monitoring, where the safety or comfort level of the occupants is
of concern. An active control system needs many requirements. Target structure
must have structural integrity to carry the design loads. The process of actuation
should not affect negatively the strength of structure. Unlike passive systems, ac-
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tive systems require consistent external power in order to responded to stimuli in
real time. Due to the consistent power requirement of actuating control system and
high initial cost, active vibration control system are less used than passive systems
(Liu et al. , 2005).
A semi-active control system is a class of active control system for which the
external energy requirements are orders of magnitude smaller than typical active
control system (Zhang, 2001). Semi-active control devices are often considered as
controllable passive devices (Housner et al. , 1997). Therefore it combines the ad-
vantages of active system and passive system, such as energy efﬁciency and low
life cycle cost. Semi-active systems also need external power sources, but always
on a constant basis. Therefore semi-active control system is applied to suspension
control buildings and bridges against seismic force which is instant rather than
constant (Ribakov & Gluck, 2002). A passive control system does not need an ex-
ternal power source and does not make any real-time changes in the system. In
case of vibration ﬁeld, the control manner of passive systems is just to impart en-
ergy developed in response to the motion of the structure (Housner et al. , 1997).
Therefore, its control bandwidthis narrow and ﬁxed at initialdesigned values. The
term passive control is closely related to isolation. As a result, passive control sys-
tem can be made by means of being cut out, shaped and formed into components
for structures, using viscoelastic material in the structure, using vibration or im-
pact damper, or using tuned mass dampers. The difference between passive and
active control system is that passive control does not make any real-time changes
in the system. Even though initial cost of passive system is relatively low, life cycle
cost including maintenance and redesign could be high. Passive vibration isola-
tion (Dong et al. , 2006), tuned mass damping (Setareh et al. , 2006) and self healing
systems are examples of passive control system.
Comparisons of three control systems for smart structures are shown in Ta-
ble 2.3. Comparing all systems, power sources should be provided in active and
semi-active system to make any real time control whereas passive system does
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not require power sources. Control mechanism of the active system is adding and
dissipating energy while semi-active system is using bounded input and output
energy. Therefore, an active control system should be accompanied by auxiliary
actuators whose scale is in proportion to the size of the structure like ship struc-
ture. However passive system just imparts energy from one to another properly.
The active and semi-active systems have variable control bandwidth whereas pas-
sive system has ﬁxed control bandwidth. Even though the initial cost of the active
system is high, life cycle cost is low whereas the initial cost of passive system is
relatively inexpensive but life cycle cost is high.
Table 2.3: Comparison of active, semi-active and passive systems
Active system Semi − active system Passive system
Energy requirement Large Little None
Control mechanism Add and dissipate Bounded input and Impart energy
energy output
Control bandwidth Wide, Variable Narrow, Variable Narrow, Fixed
Design Embedding and bonding Combination of active Cut out, Shaped,
methodology another actuator and passive systems Formed into
components for structures,
Tuned mass, Viscoelastic
material, Damper
Initial cost / High / Low Medium / Low Low / High
Life cycle cost
Applications Active vibration and Tuned vibration absorber Vibration and
noise control noise isolation
Actuator Semi-active joint Self healing
(Shape controller)
Structural Health
Monitoring
Applicable Piezoelectric, ME Fluid, MR Elastomer, Self repairing material
smart materials SMA ER Fluid, ER Elastomer,
SMA
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Adaptive passive control system, an alternative to both passive and active sys-
tem, is generally used to control plants whose parameters are unknown or uncer-
tain (Housner et al. , 1997). An adaptive passive control is described by Bernhard
et al. (1992) as a fourth classiﬁcation of vibration control. Adaptive passive vibra-
tion control combines a tunable passive device with a tuning strategy such that
optimal performance is guaranteed (Franchek et al. , 1996). Typical adaptive con-
trol applications reported includes temperature control, automobile cruise control,
and ship steering control (Tao, 2004). If the amount of uncertainty is too large to
be compensated by a ﬁxed controller, or the structural parameters may have un-
predictable variations so that gain scheduling may be inadequate, then in these
cases an adaptive controller should be considered. Since the device of changing
damping or stiffness operates in an on and off manner, the control does not re-
quire to switch rapidly. And it is well applicable to vibration isolation of rotating
machines (Liu et al. , 2005) and adaptive tuned vibration absorber (TVA). It can be
tuned to suppress the modal contribution to the vibration of a troublesome natural
frequency of the host structure over a wide band of frequencies.
2.4 Marine Applications with Smart Structures
Ranging from automotive systems, optical systems, space mechanical machine,
medical systems and infrastructures, smart-structures technology is a highly inter-
disciplinary ﬁeld. Many applications have been explored by using different kinds
of smart materials such as piezoeclectric, magnetorheological (MR), electrorheo-
logical (ER) materials and shape memory alloys (SMAs). Each smart material has
its own features with respect to different purposes. Even same smart material
which has a unique property could be adapted to different applications. For in-
stance, SMAs are used either as a vibration absorber (Humbeeck & Kustov, 2005),
a shape controller (Oh et al. , 2001) or a self repairing device (Peairs et al. , 2004).
Piezoelectric materials are used as a sensor for structural health monitoring as well
as an actuator for shape control.
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2.4.1 Structural health monitoring
Light weight ships such as yachts, ﬁshing boats and even naval vessels are in-
creasingly using composite materials to take advantages of their excellent spe-
ciﬁc strength, stiffness properties and low electromagnetic signature. However,
they have one of the greatest risks since damage can lead to catastrophic failures.
Composite structures tend to fail by damages in distributive or interactive nature,
which are easy to meet a number of failure modes different from steel structures.
Agarwal & Broutman (1990) showed that the internal material failure can appear
in many forms, i.e.
• Breaking of the ﬁbres
• Micro-cracking of the matrix
• Separation of ﬁbres from each other in a laminated composite (Debonding)
• Separation of laminae from each other in a laminated composite (Delamina-
tion)
Structural health monitoring (SHM) system has the ability to detect material fail-
ure and interpret adverse ’changes’ in a structure in order to improve reliability
and reduce life-cycle costs (Kessler et al. , 2002). The expected beneﬁt of the SHM
system in an FRP structure is the reduction of inspecting cost for large marine
structures and improving structural reliability.
As the size of composite ships has been increased, there will be a need for
developing an efﬁcient monitoring method for defects in composite submerged
structures in order to estimate life cycle of composite ship structures effectively.
Even though there are many methods for non-destructive testing within the struc-
tures for small laboratory specimens such as X-radiographic detection and hydro-
ultrasonics, these are not appropriate for in-service inspection of submerged ship’s
structure. Techniques based on static displacement response and static strain mea-
surement which involve the measurement of actual displacement and strains are
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not an easy task on large scale structures (Tseng & Naidu, 2002). Moreover, dam-
age detection in composites is more difﬁcult than in metallic structures owing to
the anisotropy of material (Kessler et al. , 2002).
Thus the optical ﬁbre sensors have been used as a structure monitoring sen-
sor whose advantages have led to several techniques. The applicability of using
ﬁber-optic sensor has been examined (Kageya et al. , 1998). Stress concentrations or
residual strains resulted from an impact damage can be detected by ﬁbre optic sen-
sors. Suresh et al. (2005) developed Fiber Bragg Grating (FBG) based shear force
sensor. Dawood et al. (2007) demonstrated embeded FBG strain sensors within
a foam core glass ﬁbre reinforced plastic (GFRP) sandwich composite beam spec-
imen. Baldwin et al. (2002) carried out monitoring of the UK Trimaran Research
VesselbyusingDigitalSpatialWavelengthDomainMultiplexing(DSWDM)which
can determine strain level as well as monitor frequency response of the ship due to
wave slamming event. Herszberg et al. (2005) used FBG sensor and piezoelectric
strain sensor for structural health monitoring for composite T-joint. The optical
ﬁbre sensor has potential advantages as a structure monitoring sensor such as ap-
plicability to dynamic measurement and is less affected by temperature. However,
it has difﬁculty in detecting the displacement change with frequency less than 1Hz
(Kageya et al. , 1998). In other words, high resolution data can be acquired, but it
cannot travel long distance such as the hull structure of a large vessel.
Piezoelectric materials are the key materials for structural health monitoring.
With these materials, ultra sonic wave techniques which have been used to interro-
gate structural integrity could be suitable for long-range inspection. Diamanti et al.
(2005) demonstrated the potential of low-frequency ultra sonic waves being used
for the inspection of monolithic and sandwich composite beams. Yang & Qiao
(2005) carried out damage detection of composite structures by using the pulse-
echo method. Kessler et al. (2002) performed quasi-isotropic graphite / epoxy test
using piezoelectric actuators and sensors. Unlike waves on a planar surface, fre-
quency dispersion occurs for surface waves propagating along a curved surface
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( ¨ Uberall, 1973). Sahin (2004) predicted severity and location of the damage by us-
ingasinputtheglobal(naturalfrequencies)andthelocal(strainorcurvaturemode
shapes) dynamic behaviour of the structure.
Due to the signiﬁcant difference between the acoustic impedance of each lami-
natedskin, thedispersioneffectsatlowfrequenciesandmulti-curvedshellsshould
be considered simultaneously in composite ship structures. Since their range of
mechanical motion is small, piezoelectric materials may not apply to large scale
structures. Moreover, the brittle nature of ceramic makes them vulnerable to acci-
dental breakage during handling and bonding procedures.
2.4.2 Self healing and repairing
Self healing can make the material safer, more reliable longer lasting and require
less maintenance cost especially for a ship structure subjected by unexpected load-
ing condition such as hydraulic slamming or underwater explosions. It is also
useful to make up healing agent only for small amount of crack in initial stage.
Self healing structures react to damage producing some action to restore it to its
undamaged condition (Peairs et al. , 2004) followed by air curing of the released
chemicals in the cracks, leading to regaining of mechanical properties of uncracked
composite (Li et al. , 1998). Once the glass ﬁbers break, the chemical agent is re-
leased into the cracks of the polymer matrix so that the cracks can be sealed and
the composite can be rehealed. Signiﬁcant crack arrest and life extension result
when the in situ healing rate is faster than the crack growth rate (Brown et al. ,
2005). However, using agent for self healing material could be only one shot affair
rather than permanent measure for continual loads such as wave forces.
Shape memory alloys (SMAs) have been used as actuator in a self repairing
joint. Layered SMA/PVDF ﬁlms in ﬂexible satellites were demonstrated as a self
healing system with a SMA-driven bolted joint that senses change and tightens it-
self (Hyde & Agnes, 2000), which can reduce the maintenance cost of critical bolted
joints. In case of SMA actuator for self repairing joint, it should be provided with
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high amount of power source as well as the time for heating and cooling to reach
each state (i.e. martensite and ostenite). Thus, SMAs due to their slow response,
low efﬁciency, unpredictable movement, have been only suitable for small-scale
applications and high heated source is needed continuously.
2.4.3 Shape control
Smart structures featuring active shape control have the potential to extend the
design point to a design area and signiﬁcantly increase efﬁciency (Monner & Wier-
ach, 2005). The fundamental structural task of a wing is transferring the loads
between aerodynamic pressure and inertial forces. Adaptive wing can change the
entire shape of the structures by using active control only requiring an electric cur-
rent for movement (Hyde & Agnes, 2000). Buter & Breitbach (2000) introduced
directly controlled helicopter blades by smart adaptive element such as piezoelec-
tric or active ﬁbres. Moreover, many experiments were carried out including vari-
ous types of different kinds of space engineering, aerodynamic surfaces including
airplane wing, twist-active rotor blades and missile ﬁns which are compatible for
high speed aerodynamics. Shape control actuators can unify various controls into
a single control and transmit information effectively.
Three types of actuators for shape control including piezoceramic (PZT), elec-
troelastomer and shape memory alloys (SMAs) are compared in Table 2.4. Electro
elastomerexhibitshighstrainwhereaspiezoceramicdisplayslowstrain. Efﬁciency
is the ratio of work generated to input energy consumed, which is almost same
(90%) for piezoceramic and electro-elastomer while SMAs exhibit low efﬁciency.
Young’s modulus determines the actuator’s passive ability to reject load changes,
disturbances (Prendergast & McHugh, 2004). Young’s modulus between piezocer-
maic and electro-elastomer is signiﬁcantly different. Energy density is the ratio
of energy generated in one actuator cycle per unit volume of actuator. SMAs ex-
hibits very high energy density (15 J/Kg), whereas piezoceramic shows very low
energy density (0.013 J/Kg). Despite their advantages of being ductile and gen-
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Table2.4: Parametersofthreesmartmaterialsasactuators(Dittrich,1998;Hodgson
et al. , 2004; Madden et al. , 2004; Sodano, 2003; Wilkie et al. , 2000)
PZT V HB NiTiNol
Actuation Piezoceramic Electro elastomer Shape Memory
Principle Alloys
Strain(%) 0.2 380 8
Efﬁciency(%) 90 (max) 90 (max) < 5
< 50 (typical) 25 (typical)
Young’s modulus 63 0.003 30 (Martensite)
(GPa) 90 (Austenite)
Energy density 0.013 3.4×106 15
(J/Kg)
Tmax(◦C) -20 to 200 -10 to 90 -100 to 200
Relative speed Fast Medium Fast Slow
erating high strain (e.g. 100% of Shape Memory Polymer), many drawbacks also
exist such as slow response, low efﬁciency, and unpredictable movement. They
are only suitable for small-scale applications (Prendergast & McHugh, 2004), with
a high heated source being needed continuously.
Formarineapplications, robustcontrolismostdifﬁcult, especiallyforlowspeed
submerged vehicles such as AUVs. These low speed vehicles need maneuver-
ing capabilities such as hovering, small-radius turning, rising, sinking and pre-
cision station keeping. In order to overcome such limitations, many studies for
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low speed controller carried out based on biorobotics. This determines the goal
of the biorobotics program, namely bridging the gap between nature and engi-
neering by improving the performance of the latter as compared with the former
(Bandyopadhyay,2005). Therefore, shapecontrolofstructurescouldhavedifferent
possible marine applications by using piezoelectric materials for precision adjust-
ments of structures which requires more biological and less mechanical systems
in submersible vehicles. Controllable pitch propellers are good example for low
speed submersible vehicle, which could operate under a range of ﬂow conditions
(Madden et al. , 2004). These vehicles could beneﬁt from the added efﬁciency ma-
neuverability and the potentially low noise emissions afforded by variable shape
propellers (Bandyopadhyay, 2002). However, it is difﬁcult to adapt smart material
to shells having complex geometry. High stiffened propellers, high required volt-
ages to be applied for effective actuation: this is not always practicable. Moreover,
encapsulation from salinity should also be considered.
High speed small and light submersible vehicle needs precise control while
travelling to the target. Based on the recent developments such as missile ﬁns
(Barrett, 1994), adaptive blade twists (Buter & Breitbach, 2000) and double plated
smart wings (Oh et al. , 2001), smart ﬁns could be used to precise tolerances of high
speed submersiblevehicle. Smalladjustment of highstiffness ﬁnenables to actuate
twist and bend and to save the space required for servomotors, force transmission
devices and dynamic system. As a result, submersible smart ﬁn could be adapted
at any position of vehicle’s structure and could maximize the maneuvering capa-
bility. However, massive density of deep water and nonlinear vortices occurring
from tips need to be considered.
For electrorheological materials, the strain depends on the elastic modulus of
the polymer and the strain-electric ﬁeld relationship is nonlinear at large strains.
When it comes to the marine applications, considerable amount of power may be
required in order to get a large amount of torque. In addition, they require a very
high dielectric constant to generate a large electomechnical coupling. Moreover
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they are easily vulnerable to contamination, therefore affecting the structural in-
tegrity of smart structural systems.
2.4.4 Vibration and noise control
Attempts at reduction of vibration and noise in structures, have always been an
important issue in mechanics ranging from small devices to large scale structures.
Patch type of piezoelectric materials have been broadly used as sensors and ac-
tuators using anti-oscillations in reduction of radiated noise (Hyde & Agnes, 2000;
Lee, 2000; Monner & Wierach, 2005). This idea might be useful to ship compart-
ments where radiated noise should be decreased for crew on board or naval mine
countermeasure ship. Recent achievements made in designing and application of
SMAs include high-damping elements, utilizing pseudoelastic hystersis, transient
damping effects in the two-phase and damping capacity of the martensitic phase
(Humbeeck & Kustov, 2005). SMA wires have been applied to active damping of
ﬂexural vibrations of a cantilever beam (Baz et al. , 1990a; Choi & Cheong, 1996).
Due to the slow response of temperature, a tuned vibration absorber (TVA) has
been established vibration control device, which can be used to suppress a trou-
blesome resonance or to attenuate the vibration of foundations or joints for ship
structures at a particular forcing frequency.
An MRE tuned vibration absorber (TVA) system can be developed with mini-
mal engineering design changes to meet marine application handling over rough
sea condition, sensitive electronic shock isolation for improved resistance to shock
and impact damage. The MRE TVA device can modify mechanical systems’ re-
sponse to external disturbances through energizing an internal electromagnet so
that unexpected vibratory loads can be dissipated through the activation of the
MRE material via a closed loop control system. The MRE TVA system is argued
to be fail-safe because the system will continue to manage device as a passive
isolator in the event of a power system failure. It is shown that the MRE TVA
absorbs achieved vibrating force from oscillating rigid mass and the relative fre-
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quency change is up to 47% with 60dB absorption of frequency response (Deng
et al. , 2006).
An example learnt from application in audible frequency ranges is shown by
Blom & Kari (2008). Fig. 2.4 shows the MRE isolator on an elastic base structure
consisting of MRE bushing attached to an iron shell. It was shown that the trans-
mitted energy ﬂow into the base structure is signiﬁcantly reduced. In addition, the
MRE isolator not only suppresses vibration force but it also shunts resonant peaks
in audible frequency ranges. Overall, these schematic ideas will help to reduce ra-
Figure 2.4: MRE isolator (Blom & Kari, 2008)
diated noise from the submerged structure such as naval ship’s hull or submarine
underwater, which can obtain the best possible counter-detection posture relative
to enemy submarines.
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2.5 Current Knowledge of MREs
2.5.1 Theoretical and numerical predictions of mechanical prop-
erties of MREs
Jolly et al. (1996b) shows the simple dipole model of particle energy interaction.
In particular, it is seen that MR material stress is quadratically related to particle
magnetization. This model takes into account the gradual saturation of the per-
meable particles as applied ﬁeld increases. The preyield modulus G of the particle
network is simply stress divided by strain,
G ∼ =
4φM2
p
 1 0h3, ǫ < 0.1 (2.1)
where Mp is the average particle polarization and this is also the dipole moment
magnitude per unit particle volume:
Mp =
3/2α3B + (1 − α3)Ms
1 + 3/2φα3 . (2.2)
For tuned vibration absorber (TVA) employing MR elastomers, the fractional
change in natural frequency can be calculated in terms of the fractional change in
the modulus. Deng & Gong (2008) predicted frequency shift of one degree of free-
dom system for an adaptive tuned vibration absorber (ATVA) as bellows
∆f =
1
2π
 
G0 × A
m × h


 
1 +
4φ 1 0M2
s(R
d)3
G0
− 1

. (2.3)
Dorfmann&Ogden(2003)havealsosummarizedasystemofconstitutiveequa-
tions for an isotropic magneto-sensitive Cauchy-elastic solid within the framework
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of the electromechanical and thermomechanical theories. The theory has been ap-
plied to the model problem of axial shear of a circular cylindrical tube in the pres-
ence of a radial magnetic ﬁeld. They have shown theoretically, that the existence
of a magnetic ﬁeld makes the shear response of the MRE.
Structural FE analysis is used to predicted the stress-strain relationship for MR
elastomers (Davis, 1998). An FE analysis with a typical mesh for the unit cell is
used to ﬁnd out optimal volume fraction of the iron particles as shown in Fig.
2.5. In this model the iron particles are considered as rigid spherical shells in a
continuous matrix. The rubber matrix is described in terms of the principal exten-
sion ratios (λi), which are the ratios of the current length (deformed) to original
(non-deformed) length in the principal directions. It was shown that the optimal
particle volume fraction for the largest fractional change is about 27%. As a result,
numerical model can be useful to ensure nonlinear macro scale behaviour MRE.
Figure 2.5: FEA mesh for unit cell of MRE (Davis, 1998)
2.5.2 Experimental study on MRE behaviour
The effort to increase the MR performance has been revealed by using different
combinations of materials or various kinds of experimental schemes. The prop-
erties of MRE are affected by the volume fraction of the magnetic particles in the
elastomer and the relative size and alignment of the particles after curing MRE
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under a magnetic ﬁeld.
Jolly et al. (1999) showed that the maximum percentage of change in modu-
lus is being observed in the vicinity of 1-2% strain. Performance of MRE can be
enhanced by using different combinations of materials or through varied experi-
mental and practical schemes. It has been also reported that cyclic loading con-
ditions with different strain amplitudes manifest a dependence of the viscoelastic
storage modulus with the maximum stiffness change being up to more than twice
in the audible frequency range (Blom & Kari, 2005). It is shown that when the
initial elastic modulus is small, up to 100% increase of the modulus has been ob-
served at small 1-4% deformations and the loss factor of aligned MRE is tunable
with magnetic ﬂux density depending on frequency range (Varga et al. , 2006).
Lokander & Stenberg (2003) carried out the shear property tests using two dif-
ferent types of iron particles in order to ﬁnd out substantial effect of MREs. It was
shown that MREs with large irregular particles have a large MR effect although
the particles are not aligned within the material. However the rheological proper-
ties of the matrix material do not inﬂuence the MR effect. Abramchuk et al. (2007)
showed anisotrophic hehaviour of MRE by varying the direction of the applied
magnetic ﬁeld and the columnar structure of the particles. It has revealed that if
the arrangements of the particles are parallel to the direction of the uniform mag-
netic ﬁeld and to the applied force, the elastic modulus of the elastomers increases
signiﬁcantly with a magnetic ﬁeld. Varga et al. (2006) reported that the most sig-
niﬁcant effect was found if the applied ﬁeld is parallel to the particle alignment
and to the mechanical stress.
Kallio (2005) has measured elastic/shear modulus and damping ratio/loss fac-
tor values by applying compressive loading with and without applied magnetic
ﬁeld. It was shown that MREs can change material damping depending on mag-
netic ﬁeld strength. Stepanov et al. (2007) investigated viscoelastic behaviour of
highly elastic magnetic elastomers by three different experimental techniques of
elongation, static and dynamic shears.
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2.5.3 MRE conﬁgured adaptive sandwich structure
MREshavebeenusedtocarryoutvibrationanalysistoobservevibrationresponses
in real time and vibration suppression capabilities of three layered MR adaptive
sandwich beam structures (Sun et al. , 2003; Yalcintas & Dai, 2004). The devel-
opment of MRE based adaptive structure was initiated only very recently. Zhou
& Wang (2005) carried out theoretical study on MRE embedded smart sandwich
beams with non-conductive skins based on higher order sandwich beam theory.
Demchuk & Kuz’min (2002) measured the elastic modulus and loss factor using
clamped vibrating sandwich beam.
2.5.4 MRE applications
Elastomers with ﬁeld responsive rheology hold promise in enabling simple vari-
able stiffness devices (Carlson & Jolly, 2000). Although MRE shows good per-
formance for vibration minimisations, there are few applications appearing in the
literature for controllable elastomers. The stiffness of the bushing is adjusted based
on the state of the automobile’s power train to reduce suspension deﬂection and
improve passenger comfort.
Ford motor company has patented an automotive bushing employing a mag-
netorheological elastomer (Stewart et al. , 1998; Watson, 1997). MRE application for
automotive bushing has been developed as shown in Fig. 2.6. Cross-section of an
MRE bushing shows the wire coil that produces a magnetic ﬁeld, the mild steel (or
low-carbonsteel)andmagneticcircuitthatdeliverstheﬁeld, andtheMRelastomer
material that responds to the ﬁeld. The magnetic ﬂux path is shown schematically
by round arrow. Such tuneable components could for example minimize the effect
of suspension resonances excited by torque variation caused by worn brake rotors
by shifting the resonance away from the excitation frequency. Many suspension
applications involve relatively large deﬂections at low frequencies (below 100 Hz)
(Kallio, 2005). Toyota Central R&D Laboratory has also developed silicone gels
containing Fe particles for tuneable engine mounts (Shiga et al. , 2003).
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Figure 2.6: Variable stiffness bushing using MRE (Ginder et al. , 2000)
Kallio(2005)investigatedthepossibilityofusingmagnetorheologicalelastomers
as tunable spring elements as shown in Fig. 2.7. The coil device consisted of a bot-
tom steel core and a moving top cover with a central steel plate to direct the load
on the sample. A thin copper strip was coiled around the bottom core forming an
energizing coil. When the sample was placed inside the bottom core and the top
cover was closed, the coil current produced a magnetic ﬁeld through the sample. It
was shown that the damping properties of the MRE spring elements can be tuned
using moderate ﬂux densities. The effect of applied magnetic ﬁeld on the damping
properties is more pronounced at low frequencies and decreases with increasing
testing frequency. As a result, MREs are applicable as tunable spring elements for
Figure 2.7: MRE spring under compressive load (Kallio, 2005)
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active vibration control.
2.5.5 Summary
Within the context of this works key limitations in the current literature are as
follows,
• The majority of the literature regarding MRE performance mainly considers
the effects by changing material combinations. However, the effect of poros-
ity and magnetisation on the iron particles in terms of various curing time
under a magnetic ﬁeld has not been considered, which could also enhance
the performance of MRE materials. Therefore, new fabrication methods to
predict air bubble effect and iron magnetisation without changing material
components need to be considered.
• In conjunction with the experiments, enhanced theoretical prediction and the
macro scale ﬁnite element analysis are needed to understand the behaviour
of MRE because treatment of material uncertainty is more difﬁcult issue in
the tests.
• As far as MRE core conﬁgured sandwich structures, there has also been a
limit of applying a magnetic ﬁeld through a beam’s height. The effect of
boundary condition and localised magnetic ﬁeld effect for damping have yet
been discovered. As a result, new forced vibration test rig needs to be devel-
oped to apply a magnetic ﬁeld through the height of the beam exactly and
measure frequency response in terms of different boundary condition and
various magnetic ﬁelds.
• Higher order sandwich beam theory needs to be enhanced to estimate the
natural frequencies and modal damping of the MRE conﬁgured sandwich
beam.
• Finally, potential applications regarding to the MRE vibration absorber for
large ship structures are needed.
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2.6 Summary and Conclusions
In this chapter a critical review of the different features and behaviours of smart
materials and structures has been presented with the aim of establishing the most
suitable smart materials that could be incorporated into the large scale marine
structures. The following conclusions from this chapter should be outlined.
• Piezoelectric materials could be used for structural health monitoring, shape
control and vibration control. Since their range of mechanical motion is rel-
atively very small and the brittle nature of ceramic makes them vulnerable
to accidental breakage during handling and bonding procedures, piezoelec-
tric materials may not apply to large scale structures. Thus, piezoelectric
ﬁbre composite technology has also difﬁculties of processing during actuator
manufacture and the high actuator voltage requirements.
• Due to a signiﬁcant shear strain induced by temperature, SMAs have been
used for shape control, vibration control and self reparing. However, SMAs
have poor fatigue properties even if they have large energy density. More-
over, the slow response and low efﬁciecy characteristic of SMA is incompati-
ble with variable environment for ship structures.
• From a view point of vibration and noise problems, there are disadvantages
to implementing smart materials for large marine applications. MREs oper-
ate in the preyield regime and suppress force for large vibrational amplitude
with small amount of energy. Therefore, an MRE TVA devices can be de-
veloped with minimal engineering design changes to meet other potential
applications such as suspension elements for high speed boats to enhance
ride quality and handling over rough sea condition and sensitive vibration
and noise isolation for improved resistance to shock and impact damage.
Overall, the review presented in this chapter has clearly outlined the lack of use of
smart materials for large scale marine application. However, the strong strain am-
plitude dependence of the MR effect could be the most suitable for vibration and
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noise insulation with minimal energy input. Such applications demonstrate that
there are potentials for the use of MR materials in marine structures and therefore
the study regarding to MRE is worthy of further investigations. The review also
indicates the fact that there is a lack in current knowledge with respect to study
of MRE. New works need therefore to be carried out in order to make up for the
current weakness of the identiﬁed study. This should be linked with the realisation
of further theoretical study and new experimental works in order to enhance the
knowledge on the dynamic behaviour of MREs.
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Methodology and Approach of Thesis
As we have learned from the previous chapter, smart materials have shown many
versatilities. As far as vibration problem is concerned for large structures, MRE
is an appropriate material to attenuate vibrational energy. Fig.3.1 summarises the
different aspects that need to be considered and highlights in italics the novelty
and contribution to the knowledge base. The general overview of methodology
and approach provided in this ﬁgure is explained in more detail following this
ﬁgure. This study mainly consists of three parts - material behaviour, structural
characterisation and potential application based on the comprehensive studies.
As indicated in the literary review, the majority of methods, regarding fabricat-
ing MRE, focus on material combinations to improve the performance. However,
one must know that the material characteristics can be changed depending on dif-
ferent curing stage under a magnetic ﬁeld. Development of fabrication method is
required to be able to enhance the performance without changing material compo-
nents. The magnetization effect on iron particles needs to be considered in terms of
various curing stages under a magnetic ﬁeld. The curing process with permanent
magnet may be necessarily to cure MRE specimens in room temperature. On the
other hand, the rheological property of elastomer material is also a crucial fact to
determine MRE performance. The effect of pores which occur at the mixing stage
needs to be considered. To conﬁrm this porous effect comparison of specimens
manufactured with and without vacuuming process is also required. Once speci-
mens are made, the alignment of iron particles and microscaled pores distributed
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Figure 3.1: Methodologies and approaches of the thesis
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in MRE need to be identiﬁedby a scanning electron microscope (SEM). Experimen-
tal work is necessary to compare property change of MRE material with various
magnetic ﬁelds. It needs to be kept in mind that elastomeric behaviour of the MRE
materials requires the knowledge of their complex dynamic moduli in small strain
ranges. From dynamic shear property test, complex modulus of MRE core (i.e.,
shear modulus and damping ratio) can be determined. In addition, FE modelling
approach is required to analyse elastomeric behaviours with rheological elastomer
and iron particles. New macro scaled modeling aided by ABAQUS enables one to
understand the porous effects and the characterisation of micron sized iron par-
ticles of MRE. To be able to carry out macro scaled analysis random distribution
of individual particle elements evenly in hyper elastic behaving elements is re-
quired. This analysis will help to gain a better understanding on how rheological
behaviour affects the property of MRE and will provide guidance for further fab-
rication with controlling pores.
Investigation on structural characterisation followed by material characterisa-
tion is needed to understand vibration characteristics of an MRE cored sandwich
beam in terms of different boundary conditions, amplitude of force and various
distributions of magnetic ﬁelds. A forced vibration test rig could consist of perma-
nent magnets to provide consistent magnetic ﬁeld in the vertical direction of the
sandwich beam. In order to determine strain dependency the amplitude of force
produced by the shaker needs to be controlled by an ampliﬁer to provide different
shear strain at the interfaces between core and face skins of sandwich beam. To
estimate the natural vibration characteristics of a sandwich beam with stiff skins
and soft core material like elastomers, the homogeneous solution including natu-
ral frequencies and corresponding modes need to be obtained. Then, the change
of natural frequencies, mode shapes and damping would be obtained. Finally, the
superposition of a series of natural modes would result in the net response to vi-
bration.
Based on the analytical solution for sandwich structures, potential applications
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need to be presented. Theoretical power ﬂow analysis using progressive methods
for sandwich conﬁgured ﬂoating raft vibration isolation system based on vibra-
tion characteristics of different kinds of sandwich beam raft and base structures
are presented. Higher order sandwich beam theory needs to be combined with
power ﬂow analysis when modelling sandwich beams with thin stiff face sheets
and thick transversely ﬂexible core to anticipate power transmitted to the base
structure including viscoelastic material properties and their frequency dependen-
cies. Experimental application needs to be carried out to ascertain the potential
ability of MRE to absorb vibrations of propeller shafts when subjected to various
vibration sources such as main engine, nonlinear hydraulic force and shaft mis-
alignment. To be able to analyse this, simpliﬁed experimental works need to be
carried out. A closed-loop electromagnet could be ﬁtted around the cylindrical
steel casing so that when required, a magnetic force could be applied to act on
the MRE’s physical properties to suppress the structural response of the long steel
shaft with on and off control. A dynamic load needs to be provided by a shaker
and the response signal needs to be measured by an accelerometer. Finally, en-
hancing the knowledge of MRE material is essential to improve understanding of
the dynamic behaviour of smart sandwich structures.
Based on the methodology, chapter 4 describes the shear property of MRE
based on static and dynamic shear property test.
Chapter 5 describes the comprehensive investigation on shear property of MRE
including theoretical study and macro scale ﬁnite element analysis.
In chapter 6, based on the test on shear property of MRE, the result of forced
vibration tests for MRE core conﬁgured sandwich beam are presented.
In chapter 7, analysis of the vibration characteristics aided by FEA solution and
steady state analysis based on higher order sandwich beam theory of MRE cored
sandwich beams are presented.
In chapter 8, the potential application of MRE as a vibration absorber for a
propeller shaft is shown.
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In chapter 9, numerical calculations for smart sandwich ﬂoating raft vibration
isolation system are presented, without involving MRE core.
In the last part of this thesis, an overall discussion, conclusion and the achieve-
ments of the research study are presented. In addition, recommendations for fur-
ther work on the subject are presented.
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Shear Property of MRE
4.1 Introduction
This chapter investigates the dynamic shear properties of MRE materials. A model
accounting for the magnetisation effect on shear properties of MRE materials with
respect to various curing times under a magnetic ﬁeld is proposed. Since the rhe-
ological property of elastomer and magnetism of particles are critical factors to
decide MR performance, the selection of particular types of elastomer and iron
powders needs to be considered properly.
4.2 Material Selection
Different types of ﬁllings and iron powders make for different properties of MRE.
Many aspects (i.e.: type of elastomer, size and volume fraction of iron powder)
which would directly affect the properties of MRE are presented in the literature
(Blom & Kari, 2005; Deng et al. , 2006; Hu et al. , 2005; Kallio, 2005; Kallio et al.
, 2007; Lokander, 2004; Lokander & Stenberg, 2003; Michaud-Cunningham, 2005;
Shen et al. , 2004; Varga et al. , 2006).
Types of Matrices
Table 4.1 shows natural and synthetic elastomers used as a matrix material in
the literature (Abramchuk et al. , 2007; Blom & Kari, 2005; Deng et al. , 2006; Hu
et al. , 2005; Kallio, 2005; Lokander, 2004; Lokander & Stenberg, 2003; Michaud-
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Cunningham, 2005; Varga et al. , 2006). The selection of the matrix inﬂuences the
overall MR effect. For instance, the MR effect is smaller in the case of a hard ma-
trix as compared to a softer matrix and carbonyl iron (Lokander, 2004). Natu-
ral rubber has been used with a mix of polybutadiene (Buna CB55) (Lokander &
Stenberg, 2003) and thermoplastic elastomers. Therefore, the process of vulcan-
izing at high temperature is required for natural rubber though not for synthetic
materials. As a consequence the process of fabrication for synthetic polymer is
less complex than that of MR elastomer made of natural rubber. Consequently,
room temperature vulcanizing (RTV) silicone materials such as RTV silicone 106
(Michaud-Cunningham, 2005), 704 silicone (Deng et al. , 2006) and Elastosil 604
(Varga et al. , 2006) have widely been used. Recently, hybrid type of elastomers
Table 4.1: Types of materials used as nonmagnetic elastomer matrix
Type Product References
Natural rubber Blom & Kari (2005); Shen et al.
(2004)
Polybutadien Buna CB55 Lokander (2004)
Polyurethane CC-950 Limestone Shen et al. (2004)
RTV Silicone
rubber
704 Deng et al. (2006); Hu et al.
(2005)
Elastosil M4644,
M4601
Kallio (2005); Kallio et al. (2007)
Elastosil 604A, 604B Abramchuk et al. (2007); Varga
et al. (2006)
Elastosil R 101/25 Blom & Kari (2005)
GE RED RTV 106 Michaud-Cunningham (2005)
Hybrid rubber Blom & Kari (2005); Hu et al.
(2005); Lokander (2004)
such as combinations of natural rubber and synthetic rubber have been investi-
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gated by Hu et al. (2005), Lokander (2004) and Blom & Kari (2005). Due to the ﬁeld
dependent rheological response of these elastomer composites, MRE with Elastosil
M4644(WackerCo.) hasshownitsdampingeffectdependingonvariablemagnetic
ﬁeld (Kallio, 2005). The moulded samples of these silicones do not shrink during
curing. The stability and chemical neutrality of the system enables also the ad-
hesive bonding to metals (Kallio, 2005). This silicone also shows medium shore
A hardness (approximately 40), high tear strength, outstanding resistance to cast-
ing resins, particularly polyurethanes and epoxies, for very long service life of the
moulds (Wackers Co.). Therefore, the nonmagnetic matrix elastomers used in this
chapter are Elastosil M4644 (Wacker Co.).
Types of iron particles
TheironparticlesinMREaretypicallymicronsizedparticlesofironandironbased
alloy. Table 4.2 shows different types of iron powders used as ﬁller in MRE. Pure
iron with irregular shape has been used in order to incorporate large amounts of
oxygenintotheelastomer(Lokander,2004). IthasbeenshownthatMREwithlarge
irregularparticleshasalargeMReffectcomparedtononalignedMRE(Lokander&
Stenberg, 2003). Carbonyl iron, spherical iron particles with 3-10 m in diameter, is
the particle type that has been widely used in MRE. This exhibits high saturation
magnetisation and high stiffness change. Consequently, carbonyl iron particles
(CIP CC, BASF Co.) have been used in this study.
4.3 The Shear Test Rig and Specimen Design
The shear property test rig, designed speciﬁcally for this work, consists of an elec-
tromagnet, an aluminum block to support a shear grip and electric test instrument
(Instron ElectroPuls) as shown in Fig. 4.1(a). The ElectoPuls machine, operated by
an electric current, has a 60 mm stroke and ± 1000 N dynamic load capacity in high
frequency ranges. The diameter of the electro magnetic pole is 70 mm which is big
enough to produce a magnetic ﬁeld in the normal direction of specimen (20×10
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(a) Measurement instrument (1. shear test grip, 2. electromagnet,
3. aluminum block)
(b) Zoomed of the shear test grip
Figure 4.1: Dynamic property test setup with electromagnet
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Table 4.2: Types of iron powders used as ﬁller material of MRE
Type Product Size(µm) References
Pure iron ACS300 <60 Blom & Kari (2005); Lokan-
der (2004)
ACS100.29 <180 Lokander (2004)
AT40.29 200 Lokander (2004)
Carbonyl BASF 2.5 Varga et al. (2006)
(Fe2(C0)9) iron BASF CIP-CC 3-10 Abramchuk et al. (2007);
Deng et al. (2006)
FTF-4 3-5 Hu et al. (2005); Wang et al.
(2006)
ISP R-1430 <6 Michaud-Cunningham
(2005)
ISP R-2521 5 Watson (1997)
ISP S-3700 3-5 Ginder et al. (2002); Kallio
(2005); Zhou (2003)
mm2). The aluminum block is bolted to the base of the test machine, as illustrated
in Fig. 4.1(a). The dimension of each specimen is 20×10×3 mm3, which is ﬁtted
within the closed-loop electromagnet. The electromagnet is connected to an elec-
tric power supply and produces up to about 0.5 Tesla of magnetic ﬁeld strength.
When a sinusoidal oscillating displacement is applied, the magnetic ﬁeld strength
travels from one pole to the other as shown in Fig. 4.1(b). Then the load cell
measures transmitted force from the specimen. The measured voltage signals are
transfered to the high speed data logger where they are reﬁned by a Butterworth
low pass ﬁlter provided by Matlab.
The shear modulus (G′) can be calculated knowing the amplitude of sinusoidal
displacement (∆L) and transferred load (∆F) as follows (Baccaredda et al. , 1967),
G
′ =
∆F
∆L
h
4ab
(4.1)
where a, b and h are length, thickness and width of two specimen (h = 2c) re-
spectively. If the material being evaluated is purely elastic, the phase difference
between the stress and the strain sine waves is 0◦. If the material is purely vis-
cous, the phase difference is 90◦. However, most real-world materials, including
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Figure 4.2: Degassing with vacuuming chamber
polymers, are viscoelastic and exhibit a phase angle that lies somewhere between
0◦ and 90◦. Since MRE is viscoelastic, this phase difference, together with the am-
plitudes of the stress and strain waves, can be used to determine a variety of fun-
damental material parameters such as storage modulus, loss modulus, transition
temperature, creep and stress relaxation. By knowing the values of dynamic shear
modulus (G’) and loss angle (tan δ), the dynamic shear loss modulus (G”) can be
determined through the following relationship,
G
′′ = tanδ · G
′. (4.2)
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Figure 4.3: Pouring MRE to the prepared moulds to be cured under magnetic ﬁeld
with different time
4.4 Preparation of Shear Test Sample
RTV silicone including catalyst and 3-5 micron sized iron powder particles are
used. The iron powders are dispersed in RTV silicone with respect to different
volume fractions. The RTV silicone and the iron powders are mixed for 10 minutes
toachieveevendispersionwiththemixer. Duetothecatalystwhichacceleratesthe
rate of chemical reactions, there is a tendency for bubble formation in the mixture.
In order to increase the integrity of MRE material, pores are pulled out in a vacuum
chamber which is connected to air pressure pump. Vacuuming is processed until
gas evaporation is ﬁnished as shown in Fig. 4.2.
In order to investigate the MR effect of four different curing times, identical ma-
terials must be manufactured at the same time. Thus, the mixture is poured into
four prepared aluminum moulds as can be seen in Fig. 4.3. In order to make the
specimen precise and to take it off from the mould easily, each aluminum mould
consists of base mould, two side pieces, three long plates and lids to cover the
mould. The curing process is conducted under a permanent magnet at room tem-
perature with different curing times.
45CHAPTER 4. SHEAR PROPERTY OF MRE
Figure 4.4: Curing specimen placed between two magnetic guiders attached per-
manent magnet to get magnetization effect
Fig. 4.4 shows two long magnetic guiders made of cast iron ﬁtted at the end
of each permanent magnetic pole in order to distribute the magnetic ﬁeld evenly
and to reduce the air gap between the two magnetic poles. The surface area of the
magnetic guider transferring 0.3T of the magnetic ﬁeld is 230×20 mm2 which can
cure a number of specimens at the same time. This curing process is conducted for
a variety of time intervals in order to assess its effect on properties.
Table4.3showsthecuringtimeofRTVsiliconeprovidedbyWackerCo. (Wacker-
Silicones, 2005) in terms of different temperature ranges. Therefore, the iron parti-
clesaresuspendedbeforeRTVsiliconeisfullycuredandthen, theironparticlesare
locked in their position when the curing process of silicone is completed. In this
study, several specimens are prepared with respect to the different curing times:
1hr, 2hrs, 4hrs, 24hrs, 48hrs, 72hrs and 96hrs under the same magnetic ﬁeld and
room temperatures.
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Table 4.3: The curing times of RTV silicone (Elastosil M4644) corresponding to a
layer thickness of 1 cm (Wacker-Silicones, 2005)
Curing temperature Curing time
23◦C 15 hrs
35◦C 4 hrs
60◦C 2 hrs
70◦C 30 min
100◦C 15 min
150◦C 5 min
4.5 Microscopy
The purpose of the microscopy is to understand the alignment behaviour of iron
particles in terms of various curing times under a magnetic ﬁeld. For this inves-
tigation, 30 vol% of aligned MRE specimens are examined. Two specimens are
fabricated as described in the previous section. Aligned MRE before cured (1hr)
and that after cured (24hrs) under a magnetic ﬁeld are prepared. In order to inves-
tigate the distributions of particles and the difference in alignment of iron particles,
specimens are cut parallel to the direction of alignment of particles. The surfaces
of the fabricated MRE samples are examined using a scanning electron microscope
(SEM). What we envisage seeing in the microscopy is how different alignment of
MREs can achieve better performance, which has not been found in literature.
4.6 Experimental Results
4.6.1 Fractrographic / microscopy examination
The alignment of iron particles suspended in elastomer with respect to the differ-
ent curing times without and under a magnetic ﬁeld can be seen in Fig. 4.5. The
alignment of 3-10  m sized iron particles within dotted line is achieved at 0.3T
magnetic ﬁeld the during curing process. Once the iron particles are aligned and
locked in the elastomer, their position does not change in the curing process. Inter-
estingly noting that there are no signiﬁcant changes in the alignment of particles
47CHAPTER 4. SHEAR PROPERTY OF MRE
even if the curing time is excessively different. This indicates that alignment oc-
curs fairly early in the curing process. However, the magnetisation effect should
be investigated by other tests in order to ﬁnd out differences of property which can
not be seen in microscopy only.
4.6.2 Test results and analysis
Effect of curing time
In order to investigate the magnetisation effect on iron particles in MRE, dynamic
shear property test with different curing stages under a magnetic ﬁelds is carried
out. Fig. 4.6 shows the shear modulus changes, difference between shear modulus
undermagneticﬁeldandthezero-ﬁeldshearmodulus, withrespecttothedifferent
curingtimes, e.g. 1hr, 2hrs, 4hrsand24hrs, andforvaryingvolumeofironparticles
(i.e. 20, 25, 30 and 35vol%). As the curing time under magnetic ﬁeld increases,
shear modulus change increases. The highest shear modulus change is shown to
be for 24hrs cured MRE. From Fig. 4.6 it is clear that there is a general trend of
increasing modulus with increasing cure time. However, a similarly consistent
trend in increase in modulus with a larger volume fraction of iron particles is not
present. Peak values of modulus, for all samples cured for up to 24 hours, are
always observed in sample with 30% volume fraction of iron particles.
Fig. 4.7a and b show the effect on shear modulus and damping changes for
varying times of curing, e.g. no curing, 24hrs, 48hrs, 72hrs and 96hrs (at levels
much higher than shown in Fig. 4.6) and at different frequencies (up to 30Hz).
The ordinates in both cases refer to the ratio of the stiffness / damping value in
each case as a proportion of the respective values under no magnetic ﬁeld. From
Fig. 4.7a it is evident that, apart from small variations especially in the 1 to 5
Hz range, shear modulus change is fairly constant at all frequencies. It is also
clear that samples cured for 24 hrs and 48 hrs exhibit higher stiffness than samples
cured for longer periods. As expected, samples with no curing show the lowest
values. Damping change is shown to be independent of frequency ranges except
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(a) Cured MRE without magnetic ﬁeld
(b) 1hr cured MRE
(c) 24hrs cured MRE
Figure 4.5: SEM images of MRE with different curing time under the magnetic
ﬁeld (Iron particles within dotted line area)
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Figure 4.6: Shear modulus change of MRE in terms of curing time under magnetic
ﬁeld. This data corresponds to the 0.3% strain at 10Hz and 0.3T
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Figure 4.7: Shear modulus change and damping in terms of frequency ranges. This
data corresponds to 27 vol% of iron particles and the 0.1% strain at 0.47 T
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the samples cured for 24 hrs, 48 hrs and 96 hrs, see Fig. 4.7b. Error bound may
occur due to the limit number of samples.
Effect of volume change
The shear modulus changes in relation to various volume fractions of iron particles
(i.e. 20, 25, 27, 30, 35 and 40vol%) are shown in Fig. 4.8. All specimens are cured
for 24hrs under a magnetic ﬁeld. The maximum absolute shear modulus change
of 30 vol% MRE is about 1.8 MPa as shown in Fig. 4.8a, whereas the relative shear
modulus change of 27 vol% MRE is about 55% as shown in Fig. 4.8b. These results
show good agreement with the results of Davis (1998).
Effect of pores
Once RTV silicone is mixed with a catalyst, there is likelihood of the occurrence
of macro or micro scaled pores. In order to determine the effects of such pores,
two samples are compared, one of MRE with pores and the other of a vacuumed
MRE with pores removed. The comparisons are shown in Fig. 4.9. Both specimens
are cured at room temperature without magnetic ﬁeld. It is evident from the trends
that removing the pores does have a signiﬁcant impact on both shear modulus and
tanδ values. As seen before, the shear modulus in both instances remains largely
frequency independent. The tanδ value though, as expected, shows variance with
frequency.
This indicates that pores make the non-magnetic matrix softer and allow iron
particles to have more dipole moment while the silicone medium allows those to
have less dipole moment. The results also show that the change of shear property
is independent of frequency ranges.
Effect of strain ranges
Dynamic shear property tests are carried out with different shear strain ranges
from 0.3% to 10%. Fig. 4.10 shows that the shear modulus change is likely to be
52CHAPTER 4. SHEAR PROPERTY OF MRE
20 25 30 35 40
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
Volumen of Iron Particles (vol%)
S
h
e
a
r
 
M
o
d
u
l
u
s
 
C
h
a
n
g
e
s
 
(
M
P
a
)
(a) Absolute change
20 25 30 35 40
5
10
15
20
25
30
35
40
45
50
55
Volumen of Iron Particles (vol%)
S
h
e
a
r
 
M
o
d
u
l
u
s
 
C
h
a
n
g
e
s
 
(
%
)
(b) Relative change
Figure 4.8: Shear modulus change in terms of volume change. This data corre-
sponds to the 0.3% strain at 1Hz and 0.3T; 24hrs curing time.
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Figure 4.9: Shear modulus change of MRE in terms of pores effect. This data cor-
responds to the 1% strain under 0.47T of magnetic ﬁeld
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high as the applied strain becomes small, i.e. the Fletcher-Gent effect (Fletcher &
Gent, 1953). The yielding is signiﬁcant as shown by a pronounced drop off in the
rheological effect (Fig. 4.10a) and an increase in ﬁeld dependent energy dissipation
(Fig. 4.10b). It is worth noting that the change in loss factor is also dependent on
strain ranges. The loss modulus change shows a maximum value in the region of
about 10% strain where the storage modulus decreases. Since shear properties of
MRE change dominantly in small strain ranges, MRE is shown as being suitable as
a core material in sandwich beam to achieve adjustable stiffness.
Hysteresis of MRE
Fig. 4.11 shows material hysteresis curves for the specimen. In Fig. 4.11a, the hys-
teresis curve indicates that MRE cured at room temperature is shown with small
amount of stiffness changes as well as damping. Large damping effects can be
seen as the magnetic ﬁeld increases, for 48 hrs curing MRE as shown in Fig. 4.11b.
This is because aligned MRE shows high stiffness change as well as damping effect
caused by high frictional forces among particles.
4.7 Conclusion
Dynamic MRE performances in terms of curing time, strain range and porous ef-
fect under different magnetic ﬁeld strength are investigated. It is shown that MRE
samples cured for 24 hrs and 48 hrs under magnetic ﬁeld exhibit higher stiffness
than samples cured for longer periods. Large hysteresis effect of MRE indicates
that cured sample under magnetic ﬁeld shows improved damping effect than sam-
ple cured room temperature only. It is worth noting that the change in loss factor
is also dependent on strain ranges. The overall performance (stiffness and damp-
ing changes) of porous MRE is found to be better than that of denser MRE, since
the magnetic forces create larger displacements within the matrix of MRE with
pores. However the porous effect may result in poor integrity of material. With a
controlled introduction of pores during manufacture, elastomers with a good MR
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Figure 4.11: Shear modulus change of 27 vol% of MRE in terms of different curing
time. The set up amplitude is 0.2 mm and the strain rate is 1.0 mm/min.
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effect may be developed.
This leads to the conclusion that despite the same combination of iron particles
and elastomers, the characteristics of MRE can be different owing to variations in
the curing time and volume fraction of pores.
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Theoretical and Numerical
Assessment of Shear Property for
MRE
5.1 Introduction
The test results from the previous chapter need to be better understood by theoret-
ical and numerical predictions. To this end, theoretical model with magnetisation
effect on iron particles is presented to obtain proper curing time. In addition to
this, macro scale modelling skill for rubber like nonlinear behaving materials by
adopting FEA analysis suggest the optimum volume of pores and size of iron par-
ticles to enhance the performance of MREs.
5.2 Theoretical Formulation of the MRE in terms of
Magnetization
AtheoreticalstudyisconductedtobetterunderstandmagnetisationeffectonMRE.
The overall magnetic energy density (energy per unit volume) for an MRE elas-
tomer can be expressed as follows,
UMRE = Uhost + Umag (5.1)
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where Uhost and Umag represent the strain energy density of the host elastomer and
that of magnetically induced elastomer. The strain energy density Uhost of the host
elastomer can be expressed using the Ogden strain potential (Davis, 1998) as,
Uhost =
3  
x=1
2νx
α2
x
(λ
αx
1 + λ
αx
2 + λ
αx
3 − 3) (5.2)
where λx (x=1, 2, 3) represents the principal extension ratio and νx and αx are uni-
axial stress-strain parameters. For an incompressible material the principal exten-
sions are λ1λ2λ3 = 1. The nominal stress in the elastomer can be deﬁned as follows,
σhost =
 
∂Uhost
∂λx
 
. (5.3)
Themagneticallyinducedenergydensityoftheelastomer(Umag)isgivenas(Abram-
chuk et al. , 2007),
Umag =  0M(H) · H (5.4)
where M(H) denotes the magnetisation curve,  0 the magnetic permeability of a
vacuum (4π × 10−7 H/m) and H stands for the magnetic ﬁeld strength. The total
shear modulus of MRE (G) can be described as follows (Varga et al. , 2006),
G = Ghost + Gmag, (5.5)
where Ghost is the shear modulus of host elastomer by the following alternative
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expression in the small strain ranges (Abramchuk et al. , 2007)
Ghost =
1
3
lim
λx→1
 
∂2Uhost
∂λ2
x
 
, (5.6)
and Gmag is the magnetically induced modulus.
Figure 5.1: Magnetic interaction caused by dipole moments (Jolly et al. , 1996b)
The magnetic interaction caused by the dipole moments is shown in Fig. 5.1.
For iron particles, Rosensweig (1985) introduced the interaction energy of these
two point dipoles as,
W =
1
4π 0 1
 
m1 · m2
r3 −
3
r5(m1 · r)(m2 · r)
 
, (5.7)
where  1 is the relative permeability of MRE and r is the distance between the par-
ticles. When the two iron particles are aligned along the magnetic ﬁeld direction
and contacted with each other (r ∼ = 0), W can be expressed by,
W =
m1 · m2
4π 0 1r3. (5.8)
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For a dipole i, the dipole moment of spherical shape of each iron particle mi can be
expressed as (Davis, 1998)
mi =
4π
3
R
3
iMpez, (5.9)
where Ri is the radius of each particle, Mp is the average particle polarization and
ez is a unit vector in z direction, that is, the magnetization points along the applied
magnetic ﬁeld everywhere. Then, the total energy density can be evaluated and
the stress induced by the application of a magnetic ﬁeld can be derived by tak-
ing the derivative of inter-particle energy density in terms of the shear strain. The
magnetically pre-yield shear modulus Gmag of the particle can then be expressed
as (Jolly et al. , 1999),
Gmag ∼ =
4φM2
p
 1 0h3, ǫ < 0.1 (5.10)
where h is deﬁned as r/R which is the gap between particles in a chain where r is
the distance between the origin of each particle and R is the radius of each particle
respectively. When the iron particles are aligned and locked into the nonmagnetic
medium during cross-linking, the distance between each particle becomes small.
The magnetisation-time curve can be expressed as (Ausanio et al. , 2002),
Mp(t) = Mi + (Mr − Mi)(1 − e
−t/τ) (5.11)
where τ is the time constant varied by temperature, Mi and Mr are the values of
the induced and regime magnetisations in Eq. 5.11, respectively. When the term of
magnetisation is included, the total shear modulus can be expressed as,
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G ∼ = Ghost(1 + βt
2) +
4φ[Mi + (Mr − Mi)(1 − e−t/τ)]2
 1 0h3 (5.12)
where β is a curve ﬁtting constant corresponding to the initial shear property of
MRE. This constant can be decided by magnetisation of MRE in terms of curing
time under a magnetic ﬁeld based on experiment.
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Figure 5.2: Comparison of shear property changes between theory and test results
in terms of curing time. Corresponding frequency for the experiments is 10Hz and
α is 4.3e-12 for the theoretical prediction, 27 vol% of MRE
The comparison of shear property changes between the theoretical prediction
(Eq. 5.12) and the test results in terms of curing time under magnetic ﬁeld is
shown in Fig. 5.2. The theoretical prediction of shear modulus change shows good
agreement with experimental results until the maximum value of shear modulus
changes. The ﬁgure reveals the trend, in both theoretical prediction and empiri-
cal values, of increasing change in modulus until a curing time of 48 hours before
decreasing with further cure under magnetisation.
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5.3 Numerical Analysis
5.3.1 Finite element discretization
From previous test results, it was shown that the characteristics of MRE are de-
pendent on curing time, volume fraction of iron particles and pore distribution.
The purpose of the numerical analysis is to understand how the volume fraction
of the pores and how the size of iron particles affect to MRE behaviour. There-
fore, a quasi-static micro-scale analysis was carried out using ﬁnite element (FE)
software, ABAQUS/Explicit (ABAQUS, 2007).
Figure 5.3: Schematic model of MRE specimen
In order to do this, a simpliﬁed numerical model is used. Fig. 5.3 shows the
schematic idea of the simpliﬁed model. The solid line represents deformed MRE
after the shear strain is applied at the top of the undeformed MRE which is shown
by the dotted line. For ﬁnite element meshes, a random number of elements of
pores and iron particles is generated with the aid of Matlab. ABAQUS linear
quadrilateral reduced integration elements, four node plain stress continuum el-
ements (CPS4R), were used to mesh the model. The Hyperfoam model based on
the experimental stress-strain data is inherent in elements. Curve ﬁtting algorithm
is used to ﬁt a strain energy function to the input test data. Each span of square
model is 1mm and thickness is 10 m. The two dimensional square model con-
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sists of 100 by 100 elements. For boundary conditions, nodes at bottom are ﬁxed
whereas other nodes are free. Shear strain is subjected by applying 1% change
of displacement in x-direction to each node on top of the elements while inertial
identical acceleration loads in y-direction are applied to the element of each iron
particle.
Table 5.1: Material properties of iron particles and an unﬁlled elastomer
Y oung′s Modulus Poisson′s ratio Density
E(GPa) (kg/m3)
Iron particles 210 0.3 7500
Unﬁlled Elastomer (ABAQUS)
Uniaxial test data Simple shear test data
Stress (MPa) Strain Stress (MPa) Strain
-0.0217 -0.05 0.0107 0.08
-0.0367 -0.15 0.0373 0.16
-0.0433 -0.25 0.0533 0.24
-0.0504 -0.35 0.0853 0.32
-0.0604 -0.45 0.1280 0.40
-0.0759 -0.55 0.1653 0.48
-0.1083 -0.65 0.2080 0.56
-0.1933 -0.75 0.2560 0.64
-0.2896 -0.80 0.2987 0.72
Elements of carbonyl iron particles show elastic behaviour. The property of
iron particles and elastomer comprising MRE are shown in Table 5.1. Based on
uniaxial and simple shear test data of unﬁlled elastomer provided by ABAQUS,
hyperelastic characteristic of elastomer elements were taken into account.
The generation and distribution of the elements is constructed on the following
assumptions,
• The specimen is rectangular and the unit size of iron particles and the pores
are uniform;
• The void elements are considered for the pores;
• An inertial acceleration (a/asat) applied to each iron particle element is re-
garded as a magnetic force, where (asat) is saturated acceleration;
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• Owingtotheprecedingstatement, themagneticrepulsionorattractionforces
between two magnetic dipoles are not considered.
Parametric studies with respect to the volume fraction of pores and particle
size are carried out. Different combinations between iron particles and pores dis-
tributed in MRE are compared. Numerical calculation with one fully dense (with-
out pores) specimen and three different volume fraction of porous MRE specimens
are performed. For porous MRE, the volume percentages of pores are 5%, 7%, and
9% respectively. Undeformed isometric views of meshes for MRE specimen are
shown in Fig. 5.4. The 20vol% of iron particles are sorted in an ascending order
of whole number of elements after the random numbers are generated. And then,
the rest of volume fractions of pores are sorted in the same manner. The generated
numbers are then used for each FE model.
5.3.2 Results and discussions
Fig. 5.5 shows the stress distribution spectra of deformed MRE elements under
a magnetic ﬁeld. The light gray corresponds to a low value of the stress while
the dark gray represents a high value of the stress. The void elements in white
represent the pores. Inertia acceleration is applied on each iron particle element
while 1% shear strain is subjected on the top of the specimen. Most of maximum
stresses arise in the vicinity of the top and the bottom faces of the elements. As
the volume fraction of the pores increases, larger element distortion and a higher
stress variability is seen. This indicates that the change of stress is slightly higher
for the elastomer containing a larger volume fraction of pores. This is attributed to
the shear stiffness being initially low caused by pores contained within MRE.
The results of the shear strain-stress in terms of volume fraction of pores are
shown in Fig. 5.6. As the fraction of pores increases, the shear modulus of the
element decreases. Linear behaviour of the curves is noticed when there is no
inertial acceleration on the particles, see Fig. 5.6a. Compared to the results when
no magnetic ﬁeld is applied, the curves under a saturated magnetic ﬁeld show
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(a) MRE without pores (b) MRE with 5% pores
(c) MRE with 7% pores (d) MRE with 9% pores
Figure 5.4: Micro-scaled undeformed MRE specimen (Green: elastomer, Black:
iron particles, White: pores)
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(a) MRE without pores (b) MRE with 5% pores
(c) MRE with 7% pores (d) MRE with 9% pores
Figure 5.5: Stress distributions of micro-scaled deformed MRE specimen at mag-
netic saturation when 1% strain is applied (White: pores)
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Figure 5.6: Shear stress versus shear strain in terms of volume fraction of pores in
MRE (a/asat=1)
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more hysteretic behaviour, see Fig. 5.6b. This phenomenon appears to agree with
the trends of the hysteretic behaviour in the experimental results shown in Fig.
4.11. More hysteretic behaviour occurs at 9 vol% porous elements. This is due to
the damping effect from interfaces among elastomeric elements and iron particles
when large inertial forces generated owing to the applied magnetic ﬁeld.
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Figure 5.7: Shear stress versus magnetic ﬁeld corresponding 0.01 strain
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Figure 5.8: Shear force change in terms of size of the iron particles (1% strain)
The variation of shear force with respect to magnetic ﬁeld can be seen in Fig.
5.7. A non-dimensional inertial acceleration is applied to each iron particle. As
the volume of pores increases, the stiffness was found to decrease, see Fig. 5.7a.
The relative change was the greatest for porous elements with initial low stiffness
values, see Fig. 5.7b. A signiﬁcant effect of the shear property changes is shown at
7 vol% of MRE. For more porous MRE, the overall deformation increases since the
inertia forces produced allows large displacements within the MRE matrix.
MRE performance may show different behaviour in terms of the size of iron
particles. FE analysis with different size of iron particles elements is carried out;
10 m and 20 m iron particles are meshed. The volume fraction of iron particles
used in both models is 20 vol%. Boundary conditions and load applied to iron par-
ticles are same as previous models. The results are also seen in Fig. 5.8. When the
magnetic ﬁeld increases, the stiffness of MRE with 20 m iron particles are higher
than that with 10 m. As can be seen in these ﬁgures, MRE element with large sized
particles elements shows a large MR effect. This numerical result is supported by
the experimental result of Lokander & Stenberg (2003). However hysteretic be-
haviour is seen at small sized iron particles rather than at large sized iron particles.
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This indicates that small iron particles may induce more energy dissipation within
elastomer than large iron particles.
Overall, it is worth noting that new approach of macro-scale FEA analysis
can assess the property of non-linear behaving MR elastomers, which can not be
achieved without repeatable tests.
5.4 Conclusion
The enhanced theoretical model with magnetisation effect on iron particles is pre-
sented to achieve proper curing time. In parallel to this, the new macro scale mod-
elling skill for rubber like nonlinear behaving materials by adopting FEA analysis
is presented to obtain the optimum volume of pores and size of iron particles to
enhance the performance of MREs.
Good agreement between the experimental results and the theoretical predic-
tion including the magnetisation effect on MRE is found. From macro scaled nu-
merical simulations, change of shear modulus is found to increase with an increase
in the volume fraction of pores. Numerical results also show that the size of iron
particles within MRE materials inﬂuences MR performance: as the size of iron par-
ticles decreases, lower stiffness and higher hysteretic behaviour is observed.
This leads to the conclusion that despite the same combination of iron particles
and elastomers, the characteristics of MRE can be different owing to variations in
the size of iron particles, curing time and volume fraction of pores.
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Forced Vibration Test for MRE
Embedded Sandwich Beam
6.1 Introduction
Experimental, theoretical and numerical studies on MRE have been carried out in
previous chapters in order to enhance the MRE material performance only. Since
MREs can be adapted to smart structures as a part of adjustable materials, it is
essential to take into account tests for the MRE conﬁgured structure. Due to the
sparse knowledge on the dynamic structral behaviours of MRE coﬁgured struc-
tures, forced vibration tests for MRE cored sandwich beam are investigated.
6.2 MRE Cored Sandwich Beam
MR material has been used to carry out vibration analysis to observe vibration
responses in real time and vibration suppression capabilities of three layered MR
adaptive sandwich beams (Sun et al. , 2003; Yalcintas & Dai, 2004). It was shown
that the vibration minimization capabilities of MR adaptive structures are signiﬁ-
cant. The development of MRE based adaptive structure was initiated only very
recently. Zhou & Wang (2005) carried out theoretical study on MRE embedded
smart sandwich beams with non-conductive skins based on higher order sand-
wich panel theory. However, the damping effect of the sandwich beam has not
been investigated. Demchuk & Kuz’min (2002) measured the elastic modulus and
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loss factor using clamped vibrating sandwich beam.
Key limitations in the current literature are as follows,
• A relatively thick layer of MRE core embedded in a sandwich beam has not
been considered so far.
• There has been a limit of applying a magnetic ﬁeld through a beam’s height.
• Boundary effect has not been considered.
• Localised magnetic ﬁeld effect has not been considered.
The aim of this study therefore is to address these limitations and to investigate
the damping effect of an MRE adapted sandwich beam in terms of various combi-
nation of magnetic ﬁeld strength. To this end, a forced vibration test rig has been
developed, which allows application of a magnetic ﬁeld through the height of the
beam.
6.3 Preparation of The Specimens and Experimental
Setup
The experimental study is carried out to illustrate the control capabilities of MRE
adaptive sandwich structures in real time, and to assess the dependence of fre-
quency response and the damping upon a magnetic ﬁeld.
The MRE core specimens are made of room temperature vulcanizing (RTV)
silicone (Elastosil M4644, Wacker Co.) including catalyst and 3-5 micron sized iron
powder particles (CIP CC, BASF). The amount of iron particles is 30 vol %. The
ﬁrst step is to mix iron powders with RTV silicone for 10 minutes to achieve even
dispersion and then air bubbles are pulled out in a vacuum chamber as described
in Chapter 4. After pouring the mixture into an aluminium mould, the curing
process is conducted between two permanent magnetic poles for 24 hours in order
to increase MRE performance as shown in Fig. 6.1. Two magnetic distributors
attached to both ends of permanent magnet are made of a cast iron in order to
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Figure 6.1: Curing process under magnetic ﬁeld with a permanent magnet (1. alu-
minium mould, 2. magnetic distributors, 3. permanent magnet)
distribute magnetic ﬁeld strength along the length of the beam evenly. A measured
magnetic ﬁeld strength along the surface of the distributor is 0.3 Tesla. Finally, the
cured MRE core is bonded to two steel skins with the aid of epoxy glue (Araldite
2015).
(a) Sandwich beam dimensions for simply supported condition
(b) Sandwich beam dimensions for clamped condition
Figure 6.2: The dimension of MRE conﬁgured sandwich beam
Figure 6.2 shows the dimension of MRE core and two aluminum skins. The
MRE core is strongly bonded to two skins with the aid of epoxy glue (Araldite
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Table 6.1: Properties of materials consisting sandwich beam
Material Density Shear Modulus Elastic Modulus Material Damping
(g/cm3) (MPa) (GPa) (η)
Steel skins 7.8 - 210 -
Aluminium skins 2.5 - 60 -
MRE core
(0 Tesla) 3.1 2.5 - 0.13
(0.3 Tesla) 4.7 - 0.17
2015). For the clamped beam, each skin is extended 50 mm in length and two
aluminum blocks are embedded at both ends.
Table 6.1 lists the properties of the steel skins and MRE core. The shear mod-
uli of MRE are measured at 0.1% strain statically using electric testing instrument
(Instron ElectroPlus E1000) with and without presence of electromagnetic ﬁeld re-
spectively (Choi et al. , 2008).
Figure 6.3: Forced vibration test rig (1. permanent magnets, 2. aluminium back
plate, 3. shaker, 4. aluminium frame)
The forced vibration test rig consists of ten pieces of permanent magnets (N35
Block Magnet, MMG Magnet Ltd.) as shown in Fig. 6.3. Each magnet is bonded
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to the nonmagnetic stainless steel block for 24 hours. Stainless blocks are bolted
to the aluminium back plates in order to mount and remove easily for experimen-
tal purpose. The size of each magnet is 42.0×24.0×12.5 mm3 in order to maintain
enough magnetic ﬁeld strength. A 4 mm air gap between each magnet which al-
lows a stinger of shaker to pass through and ﬁx to the surface of the sandwich
beam without any other contact. The frame is made of aluminium to prevent dis-
sipation of magnetic ﬁeld strength. Two aluminium back plates are mounted to
the guided rails which allow back plates to adjust air gap between two sides of
magnets by bolting. The default air gap between each side of magnet faces is 10
mm of which magnetic ﬁeld strength is measured to be about 0.3 Tesla.
(a) Hinged support (b) Wedged support
Figure 6.4: Simply supported boundary with MRE embedded sandwich beam ﬁt-
ted in the vibration test rig (1. bearing pin, 2. sandwich beam, 3. wedge)
Fig. 6.4 shows the boundary conditions in the test rig. For an idealised sim-
ply supported beam, difﬁculties may arise in satisfying all of the requirements
under experimental conditions. The following requirements for simply supported
boundary conditions were satisﬁed in the design (Yalcintas & Dai, 2004): (1) the
transverse displacement was zero at each end; (2) the moment was zero at each
end; (3) axial force of the beam is zero and therefore the longitudinal displace-
ment was free of constraint. In order to satisfy these condition, one end of beam
is supported by hinged bearing pin (Fig. 6.4a) while the other end was supported
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by wedge shaped chamfer (Fig. 6.4b). The vertical displacement of the rolling
pins was ﬁxed while the longitudinal displacement was free. The pins could rotate
freely, which satisﬁed the second requirement. This reduced a coupling effect from
the vibration response caused by extra structures such as aluminium frame.
Figure 6.5: Forced vibration test diagram
Fig.6.5 shows forced vibration test diagram consisting of a test rig, a shaker
(Ling Dynamics Systems V101), a PZT accelerometer (PCB352C22), a signal gener-
ator (Data Physics Quattro), a controller, an analyser and an ampliﬁer. When the
shaker applies the input force to the structure, the PZT accelerometer measures
structural response. A signal generator produces a swept sine wave range from
0 to 1000 Hz in 1 Hz increments. A force signal received from the signal gener-
ator is varied by varying current. The PZT accelerometer is used to measure the
vibrational acceleration at a single point. The stinger of the shaker is bonded to
the bottom surface of the beam at a location of 138 mm (3L/5) from the left end
of the beam while the accelerometer is attached to the top surface of the beam at a
location of 46 mm (L/5) from the left end of the beam.
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6.4 Results and Discussion
6.4.1 Sandwich beam with different thickness of skins
The purpose of this section is to compare frequency responses of beams with dif-
ferent skin thicknesses. The beams are vibrated under the action of a magnetic
ﬁeld along the entire beam length. Figure 6.6 shows the frequency response for
the beam with 0.5 mm steel skins and 0.9 mm steel skins, respectively. Seven res-
onant peaks appear for the beam with 0.5 mm skins whereas ﬁve resonant peaks
appear for that with 0.9 mm skins. The fundamental frequencies are also shifted
to lower frequency ranges in the presence of magnetic ﬁeld; this is due to the mag-
netic preload which is assumed to be at a low frequency (Yin et al. , 2006). As a
consequence, magnetic preload seems to make the sandwich beam more ﬂexible,
and then the frequency response curve shifts to the left at lower frequency ranges.
Compared to thick skins, the amplitude of resonant peak for the thin skinned sam-
ple is initially low, and therefore the changes of resonant peaks are relatively small.
The frequency change of sandwich beam with 0.5 mm skins is smaller than that
with 0.9 mm skins. The results also indicate that energy dissipation of the sand-
wich beam with thick skins is obviously due to large damping changes of MRE
core as the magnetic ﬁeld increased. This is because sandwich beam with thick
steel skins induces more magnetic ﬁeld than that with thin steel skins under the
same magnetic ﬁeld strength.
6.4.2 The effect with different boundary conditions of sandwich
beam
The boundary condition effects with simply supported and clamped beam are ob-
served to ﬁnd differences in frequency changes and damping. Fig. 6.7 shows the
comparison of frequency response of MRE embedded sandwich beam with differ-
ent boundary conditions. The frequency change of clamped beam in Fig. 6.7 (b) is
much bigger than that of simply supported beam in Fig. 6.7 (a). However, most of
resonance peaks decrease at overall frequency ranges for simply supported beam
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Figure 6.6: Comparison of frequency change of MRE embedded sandwich beam
with different thickness of the steel skins
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Figure 6.7: Comparison of frequency response of MRE embedded sandwich beam,
aluminium skins, with different boundary condition
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when the magnetic ﬁelds are applied to the structures. Conversely, the change of
peak amplitude for the clamped beam is much less than that for simply supported
beam. The results indicate that energy dissipation of simply supported beam are
obvious because energy dissipation is caused by ﬂexibility from the interface of the
core and the aluminum skins. The fundamental frequencies are shifted to lower
frequency in the presence of magnetic ﬁeld, which is due to the magnetic preload
effect at lower frequency ranges. Since the force are applied at nodal point, small
peak response appears at mode 5.
6.4.3 The effect of different air gaps
Another aspect is the effect of magnetic ﬁeld strength by adjusting air gap between
two permanent magnetic faces. The strength of magnetic ﬁeld changes from 0.3 to
0.35 Tesla by varying of air gap from 10 to 5 mm. The comparison of frequency
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Figure 6.8: Comparison of frequency response of clamped aluminium MRE em-
bedded sandwich beam with different air gap
response of clamped MRE embedded sandwich beam, aluminium skins, with dif-
ferent air gap are shown in Fig. 6.8. The ﬁrst resonance frequency of 5mm air gap
is shifted to lower frequency about 37% while that of 10mm air gap is not changed.
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The damping ratio is determined by using half power bandwidth method for
each mode given as
ξ =
ω+ − ω−
ωn
, (6.1)
where ω+ and ω− are the corresponding frequencies to the 2dB reduction, ωn is the
resonance frequency. The damping ratio of the ﬁrst mode of 5 mm air gap is 0.15
while that of 10 mm air gap is 0.08. From the second mode to higher mode, the
damping ratio of 5 mm air gap is higher than that of 10 mm air gap. The results
show that the magnetic ﬁeld affects frequency changes as well as damping effect.
At low frequency ranges, the magnetic preload effect is more obvious when the air
gap between beam and magnets is 5 mm.
6.4.4 The effect of different forces applying
Since material behavior of rubber-like MRE materials is nonlinear, it causes dif-
ferent value of vibrational energy dissipation. Thus, the effect of applying force
amplitude to observe damping effect is investigated. The range of the force am-
plitude ratio (f / fref) is applied from 1 to 10, where f and fref are the applying
force and the reference force applied up to now, respectively. Fig. 6.9 shows com-
parison of frequency changes for clamped beam, aluminium skins, with 5mm air
gap in terms of three different force amplitudes. With applying magnetic ﬁeld, the
fundamental frequency changes of each amplitude ratio (f / fref) at 1, 5 and 10 is
23%, 32% and 37% to the lower frequency ranges respectively. From the second to
higher modes, resonant frequencies changes shift to the higher frequency ranges.
Fig. 6.10 shows the change of damping ratio in terms of various force ampli-
tudes. Obvious damping changes are shown at ﬁrst mode. Large damping change
can be seen when the force amplitude ratio (f / fref) is 10. From second mode
to higher mode, damping values drop down quickly and even lower than that of
without magnetic ﬁeld when the force amplitude ratio is 1. From the amplitude
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Figure 6.9: Comparison of frequency response of clamped aluminum MRE embed-
ded sandwich beam with different amplitude of input force (5 mm air gap)
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Figure 6.10: Comparison of damping ratio of clamped aluminum MRE embedded
sandwich beam with different amplitude of input force (5 mm air gap)
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ratio of 5 to higher, when magnetic ﬁelds are applied damping effect is higher than
that of without magnetic ﬁeld.
The results conﬁrm that when the amplitude of forced oscillation increases en-
ergy dissipation for the fundamental frequency increases. It seems that the mag-
netic force affects not only change of property of core material but also change of
magnetic preload effect of the beam structure. These phenomena occur when the
magnetic force is strong enough, which induce large shear stress at the interfaces
between MRE core and aluminum skins.
6.4.5 Localised magnetic ﬁeld effect
To better understand dynamic behaviour of MRE adapted beam overall frequency
ranges, the localised magnetic ﬁeld effect is considered with various combination
of permanent magnets. In order to ﬁnd out many resonant peaks up to 1000 Hz, a
less stiffened sandwich beam with 0.5 mm steel and aluminum skins is used. Com-
parisons of frequency response of sandwich beam among various arrangement of
magnetic ﬁelds are carried out. The force amplitude ratio (f / fref) used in these
tests is 1.
Localised magnetic ﬁeld effect on sandwich beam with steel skin
Fig. 6.11 shows a comparison of frequency response of simply supported steel-
MRE sandwich beams between two and three pairs of magnetic ﬁelds, where ’M’
stands for a pair of magnetic ﬁelds applied while ’O’ stands for a pair of void
area, that is, ’MMMMM’ and ’OOOOO’ represent magnetic ﬁelds and without
magnetic ﬁeld applied along the beam length, respectively. Because of magnetic
preload, the resonant peaks of both cases decrease at ﬁrst mode and frequency
shifts to lower frequency ranges. Both frequency response curves show vibration
amplitude reduction at 6th and 7th mode. The more peak reductions are shown at
the case of two pairs of magnets in particularly. However the more resonant peaks
increase at 8th mode.
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Figure 6.11: A comparison of FRF between two and three pairs of magnetic ﬁelds,
simply supported beam
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Figure 6.12: A comparison of FRF between one pair of different and same polarity
of magnetic ﬁelds, simply supported beam
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Fig. 6.12 shows the case of one pair of magnets in the middle and correspond-
ing same polarity of magnetic ﬁelds. A magnetic preload affects less frequency
changes compared to the case of two and three pairs of magnets. Also frequency
changes of the rest of modes are not signiﬁcant with one pair of magnets. Damping
is shown at 7th mode with 3.4 dB reduction in the presence of magnetic ﬁeld with
same polarity. However, both peaks increase at 8th mode obviously. This indicates
that vibration amplitude in particular mode can be controlled with even small area
of magnetic ﬁeld.
Damping effect of sandwich beam with aluminum skin
Fig. 6.13 shows the comparison of the damping change under a localised magnetic
ﬁeld with different arrangement such as three pairs of magnets ﬁtted in the middle
(OMMMO) and evenly distributed (MOMOM) for simply supported and clamped
aluminum-MRE embedded sandwich beam. Change in damping ratio for the for-
mer case is more signiﬁcant than that for the latter case. The magnetic preload
effect for simply supported beam is much more than that for clamped beam. The
results show that large damping effect happens when the magnetic ﬁelds are ap-
plied in the middle rather than the near of the boundaries.
Fig. 6.14a shows the damping change with two pairs of magnets mounted
evenly along the beam (OMOMO) and same polarity for the clamped beam. Due
to the limit number of permanent magnets only two pair of magnets are mounted
in this test. Compared to the fully embedded magnets along the beam’s length, the
effect of damping changes are less signiﬁcant. However, the dynamic behaviour
of responses show difference between same and different polarity. When the mag-
nets are mounted with same polarity, the damping effect is signiﬁcant even if same
number of magnets are used. Fig. 6.14b shows the comparison of damping change
with two pairs of magnets mounted at both ends (MOOOM) and same polarity for
the clamped beam. Higher damping change can be seen in the case of OMOMO
at ﬁrst two modes. These effects are no longer obvious when magnetic ﬁeld are
applied near of the boundaries.
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Figure 6.13: Comparison of frequency response of aluminum MRE embedded
sandwich beam for different boundary conditions with three pair of different loca-
tion of magnets
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Figure 6.14: Comparison of frequency response of clamped MRE embedded sand-
wich beam with same pole effect with two pairs of magnets, aluminium skin
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6.5 Conclusions
New developed forced vibration test rig enables to carry out comprehensive ex-
perimental forced vibrational tests of MRE embedded sandwich beam with vari-
ous aspects such as different magnetic ﬁeld strength, various oscillations of force
amplitudes, boundary conditions and damping effects under localised magnetic
ﬁelds.
The results lead to the following conclusions.
• Frequency changes of clamped beam are more effective than those of simply
supported beam. However, more damping effect was observed when beam
is simply supported and when the air gap is reduced.
• Since the sandwich beam with thick steel skins induces more magnetic ﬁeld
than that with thin steel skins, more energy dissipation may occur with thick
skins under the same magnetic ﬁeld strength
• The change of damping values increases in proportion to the increase of the
external force amplitude, the magnetic ﬁeld strength and the number of per-
manent magnets.
• The damping changes are effective when magnetic ﬁelds are applied in the
middle rather than near boundaries.
• The magnetic ﬁeld with same polarity is shown to lead to different behaviour
of dynamic characterisation of the beam compared with the case of magnetic
ﬁeld with different polarity.
Overall, MRE adaptive sandwich beams can be used where vibrational isolation
and damping is needed. These results could be used to derive guidelines for po-
tential applications for various shapes of MRE conﬁgured sandwich structures.
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Numerical Analysis of Smart
Sandwich Beams Embedded with
Magnetorheological Elastomer Cores
7.1 Introduction
Comprehensive experimental forced vibrational analyses of MRE embedded sand-
wich beam have been investigated in Chapter 6. Theoretical methods are needed
to predict the dynamic response of smart sandwich beams, taking into account the
viscoelastic properties of MRE cores. To achieve this, an analytical model based on
Frostig’s high order sandwich panel theory (HSAPT) is enhanced in order to in-
clude the damping of viscoelastic material properties and their frequency depen-
dencies. The numerical analyses are then used to predict the dynamic characteris-
tics of MRE embedded sandwich beam in terms of different boundary conditions
and to localised magnetic effect.
7.2 Theoretical Formulation
To estimate the natural vibration characteristics of a sandwich beam, the homo-
geneous solution including natural frequencies and corresponding modes needs
to be obtained. Then the variation of mode shapes and natural frequencies with
free-free, cantilevered and clamped beam at both ends can be deduced.
There are many possible approaches to predict vibration behaviour of a sand-
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wich beam, including classical sandwich theory, elastic foundation models and
various higher order theories (Frostig & Baruch, 1994; Shenoi et al. , 2005). Since
a shear-induced effect caused by the ﬂexibility of the core needs to be modelled,
a HSAPT appears to be most appropriate (Frostig, 1992; Frostig & Baruch, 1994;
Nayak et al. , 2005).
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Figure 7.1: Geometry of sandwich beam (Frostig, 1992)
The geometry of a typical sandwich beam is illustrated in Fig. 7.1. In HSAPT,
the skins of the sandwich beam are modelled as ordinary beams, without shear
strains, that follow Euler-Bernoulli assumptions and are subjected to small defor-
mations. The transversely ﬂexible core layer is considered to be a two dimensional
elastic medium with small deformations where its thickness may change under
loading, and its cross section does not remain planar. The longitudinal (in-plane)
stresses in the core can be neglected owing to the low ﬂexural stiffness of the core
material. The interface layers between the skins and the core are assumed to be
bonded perfectly and to provide continuity of the deformations at the interfaces.
Variational principles are found to constitute the key of many of the most useful
techniques in ﬁelds of dynamics and continuum mechanics (Vinson, 1975). The
governing equations describing the free vibrations of sandwich beams by Frostig
(1992) have been adapted. The governing equations can be expressed via the vari-
ational calculus of Hamilton’s principle, which requires that
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  t2
t1
δ(T − U)dt = 0 (7.1)
where T is the kinetic energy, U is the strain energy and δ is the variation operator.
The variation of the strain energy in terms of stresses and strains is
δU =
 
vtop
σ
t
xxδǫ
t
xxdv +
 
vbot
σ
b
xxδǫ
b
xxdv +
 
vcore
τcδγcdv
+
 
vcore
σ
c
zzδǫ
c
zzdv (7.2)
where σt
xx, σb
xx and ǫt
xx, ǫb
xx are longitudinal normal stresses and strains in the top
and the bottom skins respectively, τc and γc are the shear stress and strain in the
core, σc
zz and ǫc
zz are the vertical normal stresses and strain in the core, vtop, vbot
and vcore are the volumes of the top and bottom skins and the core respectively,
and dv denotes the volume of a differential segment. The relationship between the
shear strain of the core and spatial derivative of the vertical and the longitudinal
displacement is deﬁned as
γc = uc,z + wc,x. (7.3)
The variation of the kinetic energy is
δT =
  L
0
mt(˙ utδ ˙ ut + ˙ wtδ ˙ wt)dx
+
  L
0
mb(˙ ubδ ˙ ub + ˙ wbδ ˙ wb)dx
+
 
vcore
ρc(˙ ucδ ˙ uc + ˙ wcδ ˙ wc)dv (7.4)
where mt, mb represent are the mass per unit length of the top and bottom faces, ρc
the density of the core, ˙ ut, ˙ wt and ˙ ub, ˙ wb the velocities of top and bottom surfaces
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in the longitudinal and the vertical directions respectively, and ˙ uc, ˙ wc represent the
core velocities in the horizontal and the vertical directions. (˙) denotes a derivative
with respect to time, x is the longitudinal co-ordinate, L is the length of beam.
Integration by parts yield at time between t1 and t2,
  t2
t1
δTdt = −
  t2
t1
   L
0
mt(¨ utδut + ¨ wtδwt)dx
+
  L
0
mb(¨ ubδub + ¨ wbδwb)dx
+
 
vcore
ρc(¨ ucδuc + ¨ wcδwc)dv
 
dt = 0 (7.5)
where ( ¨ ) denotes a second derivative with respect to time.
AnMREcorecanbeconsideredasasoftcore. Generally, thestaticdisplacement
ﬁeld through the height of the core is nonlinear in the vicinity of the concentrated
loads and supports. However, when a beam is subjected to distributed loads a lin-
ear distribution can be used (Frostig & Baruch, 1994). Since this simpliﬁcation is
needed only for the inertial participation effects of core, the longitudinal and ver-
tical accelerations of the core can be approximated by a linear interpolation from
those of face skins are
¨ wc(x,zc,t) = ( ¨ wb − ¨ wt)zc/c + ¨ wt, (7.6)
¨ uc(x,zc,t) = (¨ u
b
c − ¨ u
t
c)zc/c + ¨ u
t
c (7.7)
where both ¨ ub
c and ¨ ut
c are the longitudinal accelerations of the bottom and the top
skin-core interfaces respectively.
From variational calculus, the governing equations based on Frostig’s HSAPT
are extended to include viscoelastic material properties in terms of each variation
(δut, δub, δwt, δwb, δτc). The equations can then be expressed as (Sokolinsky et al. ,
2002);
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E
∗Atut,xx + bτc − (mt + mc/3)¨ ut − (mc/6)¨ ub
+(mcdt/6) ¨ wt,x − (mcdb/12) ¨ wb,x = 0, (7.8)
E
∗Abub,xx − bτc − (mb + mc/3)¨ ub − (mc/6)¨ ut
−(mcdb/6) ¨ wb,x + (mcdt/12) ¨ wt,x = 0, (7.9)
E
∗Itwt,xxxx − ((c + dt)b/2)τc,x − (bE
∗
c/c)(wb − wt) + (mt + mc/3) ¨ wt
+(mc/6) ¨ wb + (mcdt/6)¨ ut,x + (mcdt/12)¨ ub,x − (mcd
2
t/12) ¨ wt,xx
+(mcdtdb/24) ¨ wb,xx = 0, (7.10)
E
∗Ibwb,xxxx − ((c + db)b/2)τc,x + (bE
∗
c/c)(wb − wt) + (mb + mc/3) ¨ wb
+(mc/6) ¨ wt − (mcdb/6)¨ ub,x + (mcdb/12)¨ ut,x − (mcd
2
b/12) ¨ wb,xx
+(mcdtdb/24) ¨ wt,xx = 0, (7.11)
ub − ut − (c/G
∗
c)τc + ((c
3/12)/E
∗
c)τc,xx + ((c + dt)/2)wt,x
+((c + db)/2)wb,x = 0, (7.12)
where At, Ab represent the cross sectional areas of the top and bottom skins, It, Ib
are second moments of inertia of the top and bottom skins, and E∗, E∗
c and G∗
c are
the complex Young’s moduli of skins and core and the complex shear modulus of
the core where,
E
∗ = E
′ + iE
′′, (7.13)
E
∗
c = E
′
c + iE
′′
c, (7.14)
G
∗
c = G
′
c + iG
′′
c, (7.15)
where E′, E′
c, G′
c represent the storage moduli and E′′, E′′
c, G′′
c are the loss moduli
of the phase properties.
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The boundary conditions for the top and bottom skins at the left (x=0) and right
(x=L) edges of the sandwich beam, derived via the variational principles imposed
on the strain energy (U) and the kinetic energy (T), are;
N
p
xx(x = 0,L) = E
∗Apup,x = 0 or up = 0, (7.16)
M
p
xx(x = 0,L) = E
∗Ipwp,xx = 0 or wp,x = 0. (7.17)
Compatibility equations between skins and core are;
E
∗Itwt,xxx − (dtb/2)τc + (mcdt/6)¨ ut + (mcdt/12)¨ ub
−(mcd
2
t/12) ¨ wt,x + (mcdtdb/24) ¨ wb,x = 0, (7.18)
E
∗Itwb,xxx − (dbb/2)τc − (mcdb/12)¨ ut − (mcdb/6)¨ ub
−(mcd
2
b/12) ¨ wb,x + (mcdtdb/24) ¨ wt,x = 0, (7.19)
where Np
xx and Mp
xx are the axial force and the bending moment capabilities of the
skins.
The boundary conditions relevant to any point along the height(z) of the core
are as follows,
τc(x = 0) = 0,τc(x = L) = 0 or (7.20)
wc(x = 0,z = zc) = 0, wc(x = L,z = zc) = 0.
The general vibration equation of motion can be written as
[M] ¨ [∆] + [K
∗][∆] = 0 (7.21)
where [M] is the mass matrix and [K
∗] is the complex stiffness matrix.
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The displacement vector is
[∆]
T = [wt wb ut ub τc] (7.22)
where wt, wb and ut, ub are the displacements of top and bottom surfaces of the
beam in the vertical and the horizontal directions, respectively.
To analyze free vibration, assuming harmonic behaviour in time, a general so-
lution of the form, [∆]=[Λ]exp(iωt) is considered where ω is the complex eigen
frequency and t is the time. Thus the governing (Eq. 7.21) can be expressed as,
([ ¯ K
∗] − λ
∗[ ¯ M])[Λ] = 0 (7.23)
where λ∗ is a complex eigenvalue, [Λ] is the matrix of eigenvectors and [ ¯ M] and
[¯ K
∗] are ordinary symmetric matrices of the mass and frequency dependent com-
plex stiffness respectively, details of which are given in appendix A. The full solu-
tion of the free vibration problem is achieved with the appropriate boundary con-
ditions. After obtaining the complex eigenvalues, the complex circular frequency
Ω∗ and the modal loss factor ηn of the sandwich beam can be calculated for each
mode using Eq. 7.24.
λ
∗
n = λ
′
n + iλ
′′
n,ηn =
λ′′
n
λ′
n
(7.24)
where, λ
′
n and λ
′′
n are real and imaginary eigen values respectively (Choi et al. ,
2007). The transverse displacement of each skin wp(x,t), is
wp(x,t) =
∞  
n=1
ψ
p
n(x)q
p
n(t) (7.25)
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F(t) = ρF0e
iωtδ(x − xa) (7.26)
where ψp
n(x) are mass normalised mode shapes and qp
n(t) the time dependent coor-
dinates respectively, (p denotes t(top) or b(bottom)), δ represents Dirac delta func-
tion. Substituting Eqs. (7.25) and (7.26) into Eq. 7.21 and dividing displacement
in the frequency domain by force, the receptance function of each skin is given by
(Choi et al. , 2009a)
wp(x,ω)
F0
=
∞  
n=1
sin(nπxa/L)
Ω2
n(1 + jηn) − ω2sin(nπx/L). (7.27)
7.3 Numerical Results and Discussions
7.3.1 Validation of free vibration of sandwich beams for different
boundary conditions
Simply supported sandwich beam
To validate higher order theory, free vibration analysis for a simply supported
sandwich beam with PVC core is compared with that carried out by Jensen & Ir-
gens (1999). The span of the sandwich beam is 300 mm and the width is 50 mm.
The thickness of both face skins and soft foam core are 2 mm and 30 mm, respec-
tively. Theoretical results are obtained by using Eq. 7.23 and the numerical results
are obtained by using ﬁnite element software ABAQUS. The mechanical proper-
ties of steel skins and soft core (PVC) in sandwich beam are shown in Table 7.1.
The Lanczos eigensolver provided by ABAQUS is used to compute the natural
frequencies and corresponding mode shapes of the sandwich beam. The model
consists of 2550 CPE8, 8 node biquadratic plain strain elements and 7985 nodes.
The analytical results by using Frostig’s higher-order approach beam theory are
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Table 7.1: Properties of a sandwich beam with steel skins and a PVC core (Sokolin-
sky et al. , 2002)
Material Y oung′s Shear Poisson′s Density
Name Modulus Modulus ratio (kg/m3)
E(GPa) G(GPa)
Skins Steel 210 81 0.3 7900
Core PV C (H60) 0.056 0.022 0.27 60
Table 7.2: Comparison of natural frequencies (Hz) of a simply supported sandwich
beam
Antisymmetric modes Symmetric modes
Mode Experiment Prediction Experiment Prediction
(Jensen & Ir-
gens, 1999)
ABAQUS Higher order (Jensen & Ir-
gens, 1999)
ABAQUS Higher order
1 263 245 258 - 2640 2447
2 - 522 549 - 2658 2459
3 889 861 890 - 2690 2490
4 1289 1268 1300 - 2693 2583
5 1774 1767 1791 - 2848 2769
6 - 2349 2370 3358 3146 3079
7 - 3032 3043 - 3575 3530
8 3806 3769 3812 - 4011 4127
9 4621 4398 4682 - 4423 4867
compared with the results from experiments (Jensen & Irgens, 1999) and numeri-
cal results calculated as shown in Table 7.2. It is seen that the natural frequencies
obtained using higher order theory agree well with experimental data except at
higher frequencies (over 3000 Hz). Symmetric modes occur at higher frequencies.
Sandwich beams with different boundary conditions
Numerical calculations for sandwich beam at different boundary conditions are
presented next. Finite difference method (FDM) is used to approximate the gov-
erning equations and to predict natural motions of sandwich beams with various
boundary conditions. Using central difference scheme quantitative comparisons
between the anticipations of the mode shapes were carried out with the experi-
mental results (Jensen & Irgens, 1999) for the sandwich beam by Sokolinsky et al.
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(2002).
The harmonicdisplacement of the sandwichbeam with respect to the unknown
function can be expressed as
u(x,t) = u(x)e
iωt,w(x,t) = w(x)e
iωt (7.28)
Discretization of each variable in frequency domain can be expressed as fol-
lows;
w
p,xxxx =
w
p
i+2 − 4w
p
i+1 + 6w
p
i − 4w
p
i−1 + w
p
i−2
h4 , (7.29)
w
p,xx =
w
p
i+1 − 2w
p
i − w
p
i−1
h2 (7.30)
w
p,x =
w
p
i+1 − w
p
i−1
2h
(7.31)
u
p,xx =
u
p
i+1 − 2u
p
i − u
p
i−1
h2 (7.32)
u
p,x =
u
p
i+1 − u
p
i−1
2h
(7.33)
τ,xx =
τi+1 − 2τi − τi−1
h2 (7.34)
τ,x =
τi+1 − τi−1
2h
(7.35)
where, p denotes t(top) or b(bottom).
After substituting Eq. 7.29 to Eq. 7.35 into Eq. 7.12 and manipulating a dis-
cretized governing equation in terms of the corresponding variables can be ob-
tained. The details are described in Appendix B.
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Aﬁnitedifferencegridof3mmintervalswasusedtocalculateFrosgtig’shigher
order theory numerically. For the boundary problem with second and fourth order
of the derivative, ﬁctitious points at each end have been used. In this calculation,
the boundary conditions of both top and bottom skins are identical. As the grid
density increases, larger and increasingly sparse mass and stiffness matrices are
obtained.
Boundary conditions are described from Eq. 7.16 to Eq. 7.21. For a clamped
sandwich beam, the shear force and displacement of the beam at each boundary
is zero. For a free-free sandwich beam, the moment and the shear force at each
boundary is zero. For a cantilever sandwich beam, one edge of the beam a clamped
boundary condition is applied and a free boundary condition is applied on the
other edge of the beam.
Table 7.3: Comparison of natural frequencies (Hz) a sandwich beam with different
boundary conditions
Mode Free − free Cantilever Clamped
ABAQUS Higher order ABAQUS Higher order ABAQUS Higher order
1 514 511 128 125 283 282
2 759 785 398 394 590 599
3 1147 1144 704 701 941 978
4 1404 1486 1047 1010 1348 1334
5 1653 1681 1446 1481 1822 1877
6 1990 2090 1908 1939 2370 2393
7 2524 2593 2445 2490 2651 2612
8 2601 2606 2604 2609 2657 2616
9 2607 2612 2637 2637 2695 2620
10 2631 2675 2663 2666 2716 2711
Using higher order sandwich plate theory, numerical free vibration analysis
results are compared with FEA solutions. Natural frequencies of the sandwich
beam for each boundary condition are presented in Table 7.3. Numerical results
from Frostig’s higher order sandwich theory are found to match well with those of
FEA solutions.
Fig. 7.2 and Fig. 7.3 show the bending mode shapes of cantilever and clamped
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Figure 7.2: Bending mode shape of the cantilever beam at top skin (solid line) and
bottom skin (dotted line) (Abscissa - Beam span in mm and Ordinate - Normalised
displacement)
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Figure 7.3: Bending mode shape of the clamped beam at top skin (solid line) and
bottom skin (dotted line) (Abscissa - Beam span in mm and Ordinate - Normalised
displacement)
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sandwich beams, respectively. Most of vibration modes are similar to those of a
homogeneous beam. That is to say, the top and bottom skins move in phase with
each other in the antisymmetric mode. However, the symmetric modes occur at
higher frequencies (after 2000 Hz) for both cantilevered and clamped beams.
7.3.2 The effect of MRE core on dynamic behaviour of the sand-
wich beam
A comparison of the transverse vibration frequency responses between the forced
vibration test result and the theoretical prediction for simply supported sandwich
beam using Eq. 7.27 is shown in Fig. 7.4. The dimension of the sandwich beam is
the same as used in Chapter 6. Theoretical predictions of transfer accelerance are
shown in Fig. 7.4a. For numerical simplicity, sinusoidal mode shape function is
used to solve the eigen value problem, i.e: Eq. 7.27. The property of steel skins and
MRE core are given in Table 6.1. As the magnetic ﬁeld is applied, the frequency
curve shifts to higher frequency ranges. Resonant peaks also decrease as the ma-
terial damping increases in the presence of a magnetic ﬁeld. Since the excitation
and sensing points are exactly the same as the nodal points of the ﬁfth mode, both
resonant peaks of the ﬁfth mode disappear.
Thetheoreticalpredictionsshowreasonableagreementwiththetheexperimen-
tal results carried out in Chapter 6 except at higher frequencies (between 800 Hz
and 900 Hz), see Fig. 7.4b. In the presence of a magnetic ﬁeld, both theoretical and
experimental curves shift to higher frequency ranges . However, the fundamental
frequency shifts to the lower frequency ranges in the presence of a magnetic ﬁeld
in experimental results. This is due to the magnetic preload which is assumed to
be at a low frequency (Yin et al. , 2006).
A comparison of the damping effect between theoretical prediction and exper-
imental results are shown in Fig. 7.5. Modal damping from prediction of higher
order theory shows a good agreement with experimental results, even if the damp-
ing ratio from the experiments deviates. In both theoretical and experimental re-
sults, higher damping is shown when a magnetic ﬁeld is applied. Experimental
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Figure 7.4: Comparison of frequency responses of MRE embedded sandwich beam
with 0.9 mm steel skins
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modal loss factor is high at lower mode whereas damping ratios are low at higher
modes. This phenomena is also predicted theoretically.
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Figure 7.5: Comparison of damping effect
7.3.3 Damping changes with different topologies
In this section, theoretical sensitivity analysis to investigate the damping effects
of conﬁguration of material dimension on sandwich structures is presented. For
the parametric study, the default dimensions of the MRE core and two different
types of steel skins are 230×20×10 mm3 and 230×20×0.5 mm3. The properties of
the skin and MRE are indicated in Table 6.1. Since the magnetic preload effect is
very small (Zhou & Wang, 2006), the induced magnetic ﬁeld in the steel skins is
assumed to be zero in this theoretical analysis.
Fig. 7.6a shows the damping change in sandwich beams in terms of different
skin thicknesses. Three sandwich beams with different thickness of skins are com-
pared. The modal loss factor change decreases at higher mode numbers. There is
a tendency for the change to be constant beyond a certain mode number. It is also
clear that the damping change is higher for the thinner skinned sandwich beam.
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Figure 7.6: A comparison of damping in terms of different topologies
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This is consistent with the larger effect of a relatively thicker core. Fig. 7.6b shows
the damping change in sandwich beams for varying core thickness (5 mm, 10 mm
and 20 mm). The three curves show similar patterns. Damping change decreases
as the mode number increases. The highest damping change is shown for 20 mm
core thickness. As the thickness of the core increases, the damping change in-
creases. From these results, as long as the ﬂexural stiffness and structural stability
requirements are satisﬁed, relatively thicker cored sandwich beams exhibit greater
damping effects.
7.3.4 MRE cored sandwich beam under localised magnetic ﬁeld
Experimental comparison of frequency response of simply supported steel-MRE
sandwich beams between two and three pairs of magnetic ﬁelds was shown in
Fig. 6.11 in Chapter 6. In order to investigate the effect under various combination
of magnetic ﬁelds, FE analysis for clamped aluminium-MRE sandwich beams with
two and three pairs of magnetic ﬁelds are carried out. The dimension of MRE core
and two aluminum skins are as shown in Fig. 6.2. The thickness of the aluminum
skin is 0.5 mm. For numerical simplicity, the MRE core is divided into ﬁve equal
sections. The properties of the aluminum skins and the MRE core are as given in
Table 6.1. The shear modulus of MRE can vary under localised magnetic ﬁelds.
Fig. 7.7 shows the change of fundamental frequency, with reference to fre-
quency without magnetic ﬁeld (OOOOO), under a localised magnetic ﬁeld with
different arrangements including two and three pairs of permanent magnets ﬁtted
in the middle (OMOMO / OMMMO) and at the boundaries (MOOOM / MO-
MOM), in terms of various boundary conditions. For the case of MOMOM the
maximum frequency change is about 18% in the clamped boundary condition and
22% in the simply supported boundary condition. Relatively small amount of fre-
quency changes are shown for cantilever beam. It is interesting that the amount of
frequency shift for a simply supported beam with two pairs of magnets at bound-
aries (MOOOM) shows bigger values (20%) than those (8%) with three pairs of
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Figure 7.7: Fundamental frequency change of MRE cored sandwich beam under a
localised magnetic ﬁeld
magnets in the middle (OMMMO). In other cases, it is seen that the frequency
change effects become smaller with the decrease of applied magnetic ﬁeld area.
However, signiﬁcant difference of MR performance is observed, which depends
on the locations of magnetic ﬁeld applied even if the same amount of magnetic
ﬁeld area is applied. Moreover, the frequency changes in the cantilever beam at
each case shows different behaviour compared to those in the simply supported
and clamped boundary conditions.
Fig. 7.8 shows the frequency responses of a MRE conﬁgured clamped sandwich
beam under a localised magnetic ﬁeld. The solid line represents the result without
magnetic ﬁeld whereas the dotted lines represents that under a magnetic ﬁeld. The
frequency responses under two pairs of magnetic ﬁelds are shown in Fig. 7.8a.
Interestingly, the amount of frequency shift at each mode between OMOMO and
MOOOM are different. After the second resonant peak, the behaviourof frequency
shift changes. The behaviours of frequency shifts under three pairs of magnetic
ﬁelds can be seen in Fig. 7.8b. Similarly, the behaviour of the frequency shifts
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between MOMOM and OMMMO changes after the second resonant peak. This
indicates that the localised magnetic ﬁeld can change whole characteristics of MRE
conﬁgured sandwich beams.
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Figure 7.8: Comparison of frequency change of MRE embedded clamped sand-
wich beam under localised magnetic ﬁeld
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7.4 Conclusions
In this chapter, the vibration characteristics of MRE core sandwich beams were
investigated to understand the pheonomenon of frequency and damping changes
under a magnetic ﬁeld, theoretically and numerically.
Higherordersandwichbeamtheorywasadaptedtoincludethedampingprop-
erties of MRE. Validations for the analytical model show reasonable agreement
with experimental and FEA results. Theoretical sensitivity analyses show damp-
ing effect in terms of different topologies. It is seen that relatively thicker cored
sandwich beam exhibits more damping effect. FEA results revealed that different
MR performance can be achieved which depends on the location of magnetic ﬁelds
applied even with same amount of magnetic ﬁeld area. These results indicate that
the beneﬁcial effect of localised magnetic ﬁeld is dependent of area of magnetic
ﬁeld as well as location of magnetic ﬁeld.
Based on this study, a MRE core embedded sandwich beam was shown to be
able to achieve adjustable stiffness and damping, which could be applied to design
a tunable vibration absorber.
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Applications of MRE as a Propeller
Shaft Vibration Absorber
8.1 Introduction
Based on the experiment results and the numerical analyses from previous chap-
ters, MRE core embedded sandwich beam are shown as being able to achieve ad-
justable stiffness and damping, which can be applied to design tunable vibration
absorber. One of potential applications for vibration suppression / minimisation
/ mitigation is a ship’s propeller shaft utilising MRE at its core.
A propeller converts rotational motion into thrust for propulsion of a vehicle,
such as a ship or submarine. In a ship, this thrust is generated by an engine which
is generally positioned some distance from the propeller. Thus, the propeller shaft
has to be long in order to link with the engine to the propeller.
The propeller shaft is held in place by brackets and bearings. As the propeller
rotates in a non-uniformly distributed wake near the stern of the ship, the pro-
peller is subject to various loads. As a result, the shaft will vibrate. A vibrating
propeller can cause damage to the stern tube bearings and to other parts of the
hull and structure. Periodic or nonlinear vibration may cause the misalignment of
the propeller shaft ﬁtted in a strut as can be seen at Fig. 8.1. Misaligned shafts may
wear a strut and break a bearing. As a result, the shaft must be replaced in severe
cases.
So far, many efforts for reducing shaft vibration have been attempted. A pas-
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(a) Misalignment of the shaft caused by
whirling vibration
(b) Cross section of AB
Figure 8.1: Whirling vibration caused by hydraulic force
sive vibration control scheme was developed by Murayama et al. (1992) for a car
driving shaft with a new nylon coating to reduce vibration and noise. Many tech-
niques have been evaluated to reduce vibration of propeller shafts such as actively
controlled magnetic bearings (Lewis et al. , 1989) and active control system con-
sisting of a self-contained pneumatic servo-controller powered by compressed air
(Baz et al. , 1990b). However an active system is usually very expensive due to the
large amount of power required for good performance for large structures such as
ship’s propellers.
To this end, an MRE vibration absorber for propeller shaft mounted in a ship
structure is proposed in this chapter. As presented in the literature, many appli-
cations demonstrate that there is potential for the use of MR materials in marine
structures as well and therefore the subject is worthy of study by naval architects.
In this chapter, the new idea of an MRE vibration absorber for propeller shaft is to
change the kinematic boundary condition in the cylindrical direction of the device
to adjust MREs stiffness (Choi et al. , 2009b). Fig. 8.2 shows the schematic ﬁgure
of MRE conﬁgured propeller shaft vibration absorber. An electro magnetic coil is
positioned around the cylindrical support so that when required, a magnetic force
could be applied to act on the MREs mechanical properties to improve the struc-
tural response of the propeller shaft. The propeller shaft is suspended by a bearing
supported by the MRE-steel casing unit winded by coils.
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Figure 8.2: Schematic ﬁgure of cross section of MRE conﬁgured propeller vibration
absorber
8.2 Experimental Investigation
8.2.1 The idealised MRE cored shaft
Fig. 8.3showssimpliﬁedmodelofpropellershaftvibrationabsorber. Oneassump-
tion is made that the propeller shaft and the bearing form an integrated system.
Magnetic ﬁeld travels from the coils to inside steel layer through MRE. The mag-
netic ﬂux is controlled through an electronic feedback circuit. On and off control
Figure 8.3: Magnetic ﬂux in MRE conﬁgured propeller vibration absorber
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scheme with electromagnetic ﬁeld would help to avoid resonant vibration ampli-
tude.
8.2.2 Specimen manufacture
The MRE specimens are a mixture of silicone (Elastosil M4644 A, Wacker Co.), a
catalyst (Elastosil M4644 B) and 3-5 micron sized iron powder particles (CIP CC,
BASF Co.) (Choi et al. , 2008). Fig. 8.4 shows the steel-MRE sandwich conﬁgured
vibration absorber. The material is injected into the cylindrical steel mould with a
syringe, see Fig. 8.4a. The inside of MRE casing is threaded to be able to ﬁt into
the steel shaft tightly. The outside steel casing is designed to be ﬁtted inside an
electromagnet. The steel mould is then placed in the oven at 80 ◦C for 12 hrs so
that the materials can be cured entirely as can be seen in Fig 8.4b.
(a) The material injection into the mould (b) Cured MRE casing unit
Figure 8.4: MRE vibration absorber consisting of cylindrical MRE layer in between
two steel casings (1. inner steel casing, 2. MRE layer, 3. outer steel casing)
8.2.3 Experimental setup
Based on vibration control mechanism in Fig. 8.3, the experimental setup for the
propeller shaft vibration absorber with an electromagnet is shown in Fig. 8.5. The
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cylindrical shaft is ﬁtted in the electromagnet (Type C, Newport Pagnell England)
which can produce about 0.5 Tesla. Due to the limit size of the MRE casing to be
ﬁtted in the electromagnet, the length and the diameter of the steel shaft are 400
mm and 18 mm, respectively. The shaft is ﬁxed at two places by electromagnets.
Two cylindrical MRE casings are ﬁtted outside the shaft and are placed in the void
area of each coil. The cylindrical casing and the inside area of electromagnet are
bonded together. A force transducer (PCB 208C01) is ﬁtted to the stinger glued on
the middle area of the shaft.
Figure 8.5: Experimental setup for propeller shaft vibration absorber (1. force
transducer, 2. shaker, 3. steel shaft, 4. coil)
The accelerometer (PCB 352C22) is attached to the shaft at each measurement
point. The generated signal is transferred to the shaker through the ampliﬁer. The
shaker is suspended by a soft spring attached to a frame, which the reaction force
imposed on the shaker is not transmitted to the test structure (Ewins, 2000). Broad-
band white noise signals (10-1000 Hz) are generated and measured in-situ. The
measurement points of the applied force and acceleration are shown in Fig. 8.6.
To better understand vibration characteristics of the shaft, the acceleration points
measured are distributed on the shaft. The section between MRE casing (i.e. point
’1’, ’2’ and ’3’) represents the area on the shaft between an engine and a strut of a
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ship whereas the area outside MRE casing (i.e. point ’4’, ’5’ and ’6’) is assumed to
be a free boundary area of the shaft such as outside of a strut or a propeller. It is
also important to know how transmitted vibration energy to the structure can be
diminished. Thus, the other acceleration point is measured at the outside of the
MRE casings (point ’7’). This area is assumed to be a transmitted area from the
shaft such as a strut or a ship’s hull.
Figure 8.6: The points of force applied and responses measured
8.3 Test Results and Discussions
To better understand the behaviour of the vibration absorber, forced vibration tests
are carried out. The purpose of the tests is to present a potential idea of use of MRE
as a vibration absorber in a rotational mechanism. The test seeks to compare forced
vibration responses with and without magnetic ﬁeld. In order to acquire a reliable
signal, a coherence curve is needed. The coherence curve is a frequency domain
measurement of similarity and phase lock between the force and the acceleration
signals. The closer the signal is to 1, the fewer disturbances exist during the anal-
ysis of the system’s response signal. Two coherence curves are shown in Fig. 8.7.
The solid line with dotted mark represents the coherence curve of no magnetic
ﬁeld whereas a solid line with x mark represents that of under magnetic ﬁeld. Due
to the coupling effect between the steel shaft and the electromagnet poor coher-
ence appears in lower frequency ranges (from 10 Hz up to 200 Hz). The coherence
curves between nonmagnetic and under a magnetic ﬁeld show slightly different
behaviours until 200 Hz. However, good coherence occurs after 300 Hz to 1000
Hz where the fundamental frequency of the shaft exists and therefore the analyses
will be focused in this frequency ranges.
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Figure 8.7: Coherence function at point ’1’
The transfer accelerance measured inside of MRE layer is shown in Fig. 8.8.
This section represents the area on the shaft between an engine and a strut of a
ship. Fig. 8.8a shows the point accelerance at point ’1’ (see Fig. 8.6). The funda-
mental frequency changes from 426 Hz to 491 Hz by applying a magnetic ﬁeld.
The vibration amplitude reduction is 8.5 dB at the frequency of the resonant peak
(426Hz). Fig. 8.8b shows the transfer accelerances measured at the middle of the
shaft (point ’2’). The pattern of frequency spectrum is similar to the point acceler-
ance at the presence of magnetic ﬁeld. The vibration amplitude attenuation is 9.9
dB. Fig. 8.8c shows the transfer accelerances measured inside near of MRE layer
(point ’3’). Vibration amplitude change is about 10.1 dB, which indicate that more
than three times amplitude reduction can be achieved.
The transfer accelerance measured outside of MRE layer is shown in Fig. 8.9.
Thisareaisassumedtobeafreeboundaryareaoftheshaftintherealshipstructure
such as outside of a strut. Fig. 8.9a shows the transfer accelerance measured at
outside near of MRE layer (point ’4’). A vibration amplitude attenuation of up to
20.6 dB is achieved, which is the most signiﬁcant vibration reduction. Fig. 8.9b
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(a) Point ’1’
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Figure 8.8: Accelerance measured inside of MRE layers
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Figure 8.9: Accelerance measured outside of MRE layers
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Figure 8.10: Transfer accelerance at outer casing (point ’7’)
shows the transfer accelerance of point ’5’. A vibration amplitude reduction is
16.9 dB. Less vibration attenuation (16.4 dB) can be seen at the end of steel shaft
(point ’6’) is shown in Fig. 8.9c. Compared to the results measured on the area
of the shaft between two MRE casings, much more vibration amplitude reduction
can be seen outside of the MRE casings. This is because the vibration amplitude
is initially high at the free boundary area where the magnetic ﬁeld does not exist,
and therefore the vibration amplitude reduction is much higher in the presence of
magnetic ﬁeld. Considering these results, it can be seen that the MRE layer can
reduce the critical shaft vibration amplitude.
Fig. 8.10 shows the transfer accelerance measured outside of MRE casings
(point ’7’). This area is assumed to be a transmitted area from the shaft such as
a strut or a ship structure. Vibration amplitude reduction is 12 dB. This is mean-
ingful results that transmitted vibration amplitude which may affect the journal
bearing can be reduced signiﬁcantly in the real ship structure.
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8.4 Numerical Simulations
8.4.1 Validation
Since the experimental setup consists of the electromagnetic unit, MRE vibration
absorber and the steel shaft, dynamic characteristics of the shaft needs to be eval-
uated from frequency spectrum of coupled system. To understand dynamic be-
haviour of the shaft a simpliﬁed ﬁnite element (FE) model has been created. FE
analysis using ABAQUS/Explicit (ABAQUS, 2007) predicts a fundamental vibra-
tion response of a propeller shaft which might be coupled with electromagnet
structure in the experiment.
The length and the diameter of the steel shaft are 400 mm and 18 mm, respec-
tively as in the experiment. The length and the thickness of each cylindrical MRE
layer are 55 mm and 4 mm, respectively. Each of MRE layer is located 40 mm
from the centre of the shaft. Model is deﬁned by 8073 nodes and 6528 of 3D eight
nodes cubic elements (C3D8), see Fig. 8.11. The material property of the MRE
layer is based on test results presented in Chapter 4. Elastic modulus of steel shaft
and MRE are 210 GPa and 4 MPa (12 MPa when a saturated magnetic ﬁeld ap-
plied), respectively. Due to its rubber like behaviour, the Poisson’s ratio of MRE
is assumed to be 0.49 (Ferry, 1980). In order to investigate frequency shift only,
material damping of MRE is not considered. The density of the steel shaft and
MRE are 7,800 kg/m3 and 2,900 kg/m3, respectively. The boundary condition the
most resembling that in the test rig is when the outside surface of the MRE layer is
ﬁxed. Therefore, the nodes outside of MRE solid elements are ﬁxed regarding as
rigid boundary. The Lanczos eigensolver, an adaptation of power methods to ﬁnd
eigenvalues and eigenvectors of a square matrix, provided by ABAQUS is used
to compute the natural frequencies and corresponding mode shapes of the steel
shaft. Steady state analyses are carried out from 0 to 1000 Hz by 1Hz. The force is
applied at 7.5 mm left of centre of the shaft where is the exact same point as used
in experiment and the accelerances are measured at the other side of point ’1’ and
point ’6’, see Fig. 8.6.
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Figure 8.11: Cross section of FEA elements
Fig. 8.12 shows the point and transfer accelerances at two points with and
without magnetic ﬁeld. Both resonant peaks change from 431 Hz to 486 Hz. In this
frequency area, the most signiﬁcant resonant peaks appeared in the experiment
results, see Fig. 8.8a and Fig. 8.9c. The amplitude of the resonant peaks at the end
of the shaft are higher than those of point accelerances as shown in Fig. 8.12b.
The mode shapes of the shaft without magnetic ﬁeld are shown in Fig. 8.13.
Since the deformation scale factor is 10, the amplitudes of vibration modes can be
seen exaggeratedly. The blue elements represent the shaft and the gray elements
represent the MRE casing. The ﬁrst ﬁve vibration modes of the shaft corresponds
frequency responses as described in Fig. 8.12a. Rigid body motion of the shaft is
shown at ﬁrst mode. Bending mode occurs at 431 Hz which contributes to signiﬁ-
cant resonant peak. However, there are no more resonant peaks until 1000 Hz. Fig.
8.14 shows vibration modes of the shaft corresponding frequency response under
magnetic ﬁeld. The change of mode shape and frequency can be seen due to MRE
with a magnetic ﬁeld. Corresponding mode of the resonant peak occurs at 486
Hz is the bending mode. However, rigid body mode of the shaft arises at second
mode. From these two results, most signiﬁcant resonant peaks of the shaft occur
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(b) Transfer accelerance at shaft end (point ’6’)
Figure 8.12: Frequency response curves on the shaft
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(a) 1st mode (282 Hz)
(b) 2nd mode (431 Hz)
(c) 3rd mode (453 Hz)
(d) 4th mode (458 Hz)
(e) 5th mode (1295 Hz)
Figure 8.13: FEA results of vibration modes of the shaft without magnetic ﬁeld
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(a) 1st mode (486 Hz)
(b) 2nd mode (489 Hz)
(c) 3rd mode (555 Hz)
(d) 4th mode (783 Hz)
(e) 5th mode (2087 Hz)
Figure 8.14: FEA results of vibration modes of the shaft with magnetic ﬁeld
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from bending mode. These results match very well with test results that the most
signiﬁcant resonant peaks appeared in this frequency ranges as shown in Fig. 8.8a
and Fig. 8.9c.
8.4.2 Parametric study in terms of different MRE casing conﬁgu-
ration
The purpose of the parametric study is to understand how much vibration energy
is dissipated by employing an MRE casing in large scale shaft with and without
magnetic control. Forced vibration responses of four different cases with differ-
ent topologies of MRE layers are compared. To investigate better the signiﬁcant
change of frequency response in each case, steady state analyses are carried out
from 0 to 1000 Hz by 1Hz, which represents from mechanical vibration to audible
frequency ranges. In order to investigate a number of responding modes of the
steel shaft, bigger dimensions of elements than those of the experiment are used.
The length and the diameter of the shaft are 400 cm and 18 cm, respectively, which
are also probable dimensions of the large scale structure. Four different cases by
varying length and thickness of MRE layer are varied as shown in Table 8.1. Each
of MRE layer is located 40 cm of centre of the shaft at equal distance. The force is
applied at 7.5 cm left of centre of the shaft. For numerical comparison, the refer-
ence length (Lref) and the thickness (dref) of each MRE layer are 27.5 cm and 2 cm,
where L and d are the length and the thickness of each MRE layer, respectively.
The properties of the elements are the same as those used in the previous section.
Case 1 (L / Lref = 1, d / dref = 1)
Fig 8.15 shows the comparison of frequency responses at case 1 as described in Ta-
ble 8.1. The characteristics of two curves are shown differently at lower frequency
ranges. Even resonant peak without magnetic ﬁeld is bigger than that under mag-
netic ﬁeld at ﬁrst mode in both cases. Dominant resonant peaks arise at 183 Hz
and 272 Hz without magnetic ﬁeld while the resonant peak disappears around 200
Hz under the magnetic ﬁeld. This is due to the change of vibration mode shape as
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(a) Point accelerance (point ’1’)
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(b) Transfer accelerance at shaft end (point ’6’)
Figure 8.15: FEA prediction of the point accelerance at ﬁrst case
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(a) 1st mode (27 Hz)
(b) 2nd mode (38 Hz)
(c) 3rd mode (40 Hz)
(d) 4th mode (41 Hz)
(e) 5th mode (183 Hz)
(f) 6th mode (206 Hz)
(g) 7th mode (272 Hz)
(h) 8th mode (386 Hz)
Figure 8.16: FEA results of vibration modes of the shaft without magnetic ﬁeld at
case 1
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(a) Deformed shaft at 1st mode (41 Hz)
(b) Deformed shaft at 2nd mode (46 Hz)
(c) Deformed shaft at 3rd mode (47 Hz)
(d) Deformed shaft at 4th mode (71 Hz)
(e) Deformed shaft at 5th mode (262 Hz)
(f) Deformed shaft at 6th mode (266 Hz)
(g) Deformed shaft at 7th mode (308 Hz)
(h) Deformed shaft at 8th mode (387 Hz)
Figure 8.17: FEA results of vibration modes of the shaft with magnetic ﬁeld at case
1
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Table 8.1: Different cases of MRE layer
L/Lref d/dref
Case 1 1 1
Case 2 1 2
Case 3 2 1
Case 4 2 2
stiffened MRE changes boundary conditions of the shaft. As the frequency ranges
increase, the frequency differences between two curves decrease. This is because
the property of the MRE is much smaller than that of the steel shaft, and there-
fore the frequency change is no more effective in high frequency ranges. However
damping effects are shown in both cases.
Fig 8.16 shows corresponding free vibration modes of the shaft without mag-
netic ﬁeld at ﬁrst case. A rigid body vibration mode of the shaft is shown at ﬁrst
mode, which causes less resonant peak as shown in Fig. 8.15a. Mostly bending vi-
bration modes appear except the 4th mode and the 8th mode. Combined bending
andwhirlingvibrationmodeappearsatﬁfthmode(183Hz). Fig8.17showsfreevi-
bration modes of the steel shaft under the magnetic ﬁeld at ﬁrst case. Compared to
the mode shapes without magnetic ﬁeld, different mode shapes are shown. Com-
bined bending and whirling vibration mode disappears whereas this was shown
at ﬁfth mode without magnetic ﬁeld. This is also due to stiffened MRE layer as
mentioned above in Fig. 8.15.
Case 2 (L / Lref = 1, d / dref = 2)
Fig 8.18 shows the comparison of frequency responses at second case. Compared
to the ﬁrst case, the thickness of MRE layer is twice the thickness of the refer-
ence layer. The fundamental frequency changes from 101 Hz to 151 Hz (50 %)
in respond to the magnetic ﬁeld in both point and transfer accelerances. Large
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(b) Transfer accelerance at shaft end (point ’6’)
Figure 8.18: FEA prediction of the point accelerance at second case
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amount of damping effect arise at higher frequency ranges. This indicates that fre-
quency changes are shown at lower frequency ranges whereas damping changes
are shown at higher frequency ranges (after 600 Hz).
Case 3 (L / Lref = 2, d / dref = 1)
Fig 8.19 shows the result at third case. Only the length of MRE layer is twice the
length of the reference layer. Compared to previous two results, the number of
resonant peaks drastically reduces. Higher damping effects are shown overall fre-
quency ranges. The fundamental frequency changes from 51 Hz to 61 Hz (20 %) at
both points in respond to the magnetic ﬁeld. The second resonant peak shifts from
220 Hz to 303 Hz (36 %), see Fig 8.19a. However these resonant peaks disappear
in transfer accelerance at the end of the shaft (point ’6’). Both frequency shift and
damping change can be seen at higher modes as well.
Case 4 (L / Lref = 2, d / dref = 2)
Fig 8.20 shows the result at fourth case. Both the length and the thickness of MRE
layer are twice those of the reference layer. The fundamental frequency changes
from 40 Hz to 50 Hz (25 %). The second resonant peak shifts from 131 Hz to 212 Hz
(61 %). In transfer accelerance of the point ’6’, two large resonant peaks from 100
Hz to 200 Hz disappear when magnetic ﬁeld applies, see Fig 8.19b. Interestingly,
less frequency shifts are shown than those in case 3 at higher modes from 600 Hz
to 1000 Hz. This indicates that large amount of MRE layer does not guarantee the
good MR performance.
Overall, it is shown that dimension of MRE layer can change vibration control-
lability characteristics of the shaft. It is worth to know that the size of MRE layer
affect to control selective frequency ranges effectively. Improved MR performance
can be seen with even small amount of area of MRE layer.
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(b) Transfer accelerance at shaft end (point ’6’)
Figure 8.19: FEA prediction of the point accelerance at third case
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(b) Transfer accelerance at shaft end (point ’6’)
Figure 8.20: FEA prediction of the point accelerance at fourth case
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8.5 Conclusions
An experimental study is carried out to illustrate the control capabilities of MRE
adaptive vibration absorber for a propeller shaft in real time. It is observed that the
vibration amplitudes at fundamental frequency ranges are signiﬁcantly reduced
by applying a magnetic ﬁeld. Due to property change capability of MRE, a 20%
of frequency shift occurs. The largest vibration amplitude reduction was observed
about 20 dB, but mostly about 10 dB of vibration reduction were shown. That is to
say, MRE absorber can reduce vibration amplitude of the shaft as well as outside
of the shaft such as the bearing, the strut and so on. If the MRE specimen is cured
under a magnetic ﬁeld optimally, the effects would be stronger than these results
presented in this chapter.
In numerical study, the results agreed well with the experimental results. Fre-
quency response analyses with various size of MRE layer are carried out. It was
shown that even small amount of MRE layer, large frequency change can be ac-
quired. These results give a guideline of how to design MRE vibration absorber
isolation system in conjunction with an adaptive passive control system.
Overall, this new idea could potentially be used in car industry, marine, and
other application where rotating shafts are used to transmit power from the source
to the application / delivery location such as a car transmission system and a wind
turbine system (Choi et al. , 2009b).
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Power Flow Analysis for a Floating
Sandwich Raft Isolation System
Using a Higher Order Theory
9.1 Introduction
An MRE conﬁgured sandwich beam structure was shown to be an adjustable vi-
bration absorber, experimentally in Chapter 6 and numerically in Chapter 7. The
potential application of cylindrical sandwich conﬁgured MRE as controllable vi-
bration absorber for a propeller shaft was shown in Chapter 8. In this chapter, an-
other possible application of smart sandwich structure is presented as adjustable
structure in a ﬂoating raft vibration isolation system. The aim is to create the possi-
bility of smart sandwich beam as a ﬂoating raft which can control vibration trans-
mission from the machinery to the base structure. To achieve this, it is proposed to
model power ﬂow analysis (PFA) based on modal analysis by aid of higher-order
sandwich beam theory. Furthermore, case studies of how various topologies of
sandwich ﬂoating raft can be affected to vibration isolation systems are presented.
9.2 Literature Review on Power Flow Analysis
Power ﬂow analysis (PFA) approaches have been used to predict dynamic char-
acteristics of coupled systems composed of various subsystems. The fundamental
concept of power ﬂow is discussed by Goyder & White (1980) and Pinnington &
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White (1981). In recent years, this approach has been developed and applied to
model complex structure (Clarkson, 1991; Cuschieri, 1990; Hussein & Hunt, 2006;
Jenkins et al. , 1993; Langley, 1990; Li et al. , 1997; Xiong, 1996; Xiong & Song,
1996; Xiong et al. , 2001, 2002) and to assess passive, active and vibration con-
trol system (Miller et al. , 1990; Pan et al. , 1992; Xiong, 1996; Xiong et al. , 2000,
2003, 2005). Langley (1990) presented the dynamic stiffness method to investi-
gate forced vibration of a row of stiffened rectangular panels, simply supported
along the longitudinal edges. Clarkson (1991) applied the receptance method to
investigate the transmission of vibrational energy across structural joints of con-
nected beams and connected plates. Cuschieri (1990) used a mobility method to
analyze the power ﬂow in periodically connected beams and L-plates subject to a
single excitation. Hussein & Hunt (2006) applied the mean power ﬂow method to
evaluate the effectiveness of vibration countermeasures of an underground tunnel
model which consisted of Euler-Bernoulli beams to account for the rails and the
track slab. For complex structures, ﬁnite element analysis (FEA) is often used to
analyze dynamic behaviours with good accuracy in low frequency range. Jenkins
et al. (1993) used a ﬁnite element model to demonstrate the detailed dynamics of a
typical raft-isolation-receiver system using secondary force inputs in parallel with
a passive isolation system. They showed that a combined active/passive isolation
system is more effective than a passive isolation system at low frequencies. Qu &
Selvam (2002) developed dynamic condensation to reduce the number of degrees
of freedom (DOF) of ﬁnite element models for a damped system. However FEA
schemes are usually computationally expensive because of relatively large number
of DOF needed to capture the shorter wavelengths of vibration. Thus, it is difﬁcult
to analyze problem with high frequency ranges.
The frequency response function method is more suitable to a system consist-
ing of only two subsystems. However as the number of subsystems increases
so the computational effort increases. The four-pole parameters method (Molly,
1957; Snowdon, 1971) is a classical technique for deriving dynamic characteristics
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of an assembled system connected in series or in parallel. This is convenient when
considering a series of dynamical elements connected end-to-end. However, it
is limited to single-input / single-output (SISO) linear mechanical systems. The
four-pole parameters method was extended to multiple-input / multiple-output
(MIMO) linear systems considering coupling interactions by Ha & Kim (1995)
to predict the frequency response characteristics and by Xiong (1996) to estimate
power ﬂow transmission mechanisms.
PFA has become widely used to predict vibrational power ﬂows through vari-
ous kinds of assembled structures. Xiong & Song (1996) investigated power ﬂow
in a ﬂexible ﬂoating raft isolation system using the substructure mobility synthesis
method. For a generic coupled system consisting of any number of substructures,
Xiong et al. (2001) developed progressive approaches to PFA and applied them
to a complex coupled ﬂoating raft vibration isolation system. Generalised mo-
bility/impedance matrix formulations of each substructure were derived allow-
ing the construction of equivalent mobility and equivalent impedance matrices to
describe the dynamic behaviour of a substructure assembled from several inter-
connected substructures within the overall system. Application examples showed
that an increase in dynamic stiffness of the raft reduces the vibrating power trans-
mitted from the machinery via the raft to the ﬂexible foundation.
A sandwich type ﬂoating raft system offers the advantage that the whole sys-
tem is much lighter in addition to reducing vibration and noise (Vikal et al. , 1981).
Sandwich conﬁgurations are used where high stiffness / weight and strength /
weight ratios are required. The ﬂexural stiffness of a sandwich beam is propor-
tional to d2h/4, where d and h are the thickness of the core material and skin
respectively. Due to the high stiffness/weight which results in a higher natural
frequency, the number of responding modes is drastically reduced (Mead, 2000).
Another advantage of using a sandwich conﬁguration is that power ﬂow levels
tend to reduce as the viscoelasticity level of the core material increases (Xiong et al.
, 2002). Investigation on an active vibration control of energy ﬂow from a machine
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transmitted to equipment, both mounted on a simply supported PVC sandwich
panel, showed that increasing damping ratio of the core material of the sandwich
panel reduces the resonant peaks of power ﬂow transmission spectra to the equip-
ment (Xiong et al. , 2002). Sandwich structures with viscoelastic cores such as PVC
that have relatively high ratios of energy dissipation to energy storage capability
have been used in a variety of structural engineering applications where damping
is required to dissipate energy (Meunier & Shenoi, 2001).
Analytical models for sandwich structures have been studied using classical
sandwich theory (Allen, 1969), ﬁrst shear deformation theory (Whitney & Pagano,
1970), elastic foundation model (Zenkert, 1997) and various higher order models
where the higher order terms are deﬁned at the neutral axis (Reddy, 1999). How-
ever, these models have a drawback when sandwich structures are thick, the ratio
of the transverse shear modulus to in-plane is low, and the ratio of longitudinal to
transverse Young’s moduli is high (Hu et al. , 2008). The characterization of sand-
wich structure with soft cores need to be simulated with the aid of an enhanced
theory that can constitute its vertical ﬂexibility which affects stress and displace-
ment ﬁelds in the face sheets and inﬂuences nonlinear displacement patterns along
the height of the core (Sokolinsky et al. , 2002). Most recently developed higher-
order sandwich panel theory (HSAPT) (Frostig et al. , 1992) has shown the accu-
racy of predicted stress, localised effect and eigenvalue problems and validated by
experimental results (Sokolinsky et al. , 2002, 2004).
Vikal et al. (1981) investigated effective vibration isolation by the use of an
excitation system supported ﬂexibly on a three layer sandwich beam. However,
this was analyzed separately as a continuous system by a lumped mass supported
on a spring and dash-pot. Li et al. (1997) studied power ﬂow via a ﬂoating raft
consisting of a three layer sandwich beam connected to two sandwich foundation
beams of the same type. However, higher order effects owing to the nonlinear dis-
placement pattern of the core material were not considered. Since the ﬂexibility
affects internal resultants in skins, peeling and shear stresses in the core (Allen,
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H the Hermitian transpose, the force vectors (Fi) and velocity response vectors
(vi) are determined by the following progressive formulations (Choi et al. , 2009a;
Xiong et al. , 2001).
vi = A
e
i · Fi + N
v
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where A
e
i is the equivalent mobility matrix of substructure Si coupled to subsys-
tems Si+1,...Sn(i = 1,2,..,n) and N
v
i is the velocity transmissibility matrix which
represents the velocity response vector vi produced by a unit velocity input ˆ vn+1,
and it reﬂects the effect of the boundary motion excitations ˆ vn+1 upon substructure
Si(i = 1,2,...,n).
A ﬂoating sandwich raft isolation system as shown in Fig. 9.2 comprising : (1)
rigid masses (m1, m2) representing the source of vibration such as machinery, e.g.
substructure S1; (2) viscoelastic isolators, e.g. substructure S2 and S4; (3) a sand-
wich ﬂoating raft, e.g. substructure S3; and (4) a sandwich beam base structure,
e.g. substructure S5, where c1 and c2 are centres of rigid masses and bi (i=1, 2, 3,
4) is a horizontal distance between centre of mass and isolators in substructure 2,
respectively.
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Figure 9.2: Floating sandwich raft vibration isolation system (1. rigid mass, 2.
isolators, 3. sandwich ﬂoating raft, 4. sandwich base structure)
ForsubstructureS1, withtwoinputsandfouroutputsofthetworigidmasses, it
is assumed that each mass is supported by two isolators which behave in a passive
way, and that motion takes place only in the vertical direction. The generalized
mobility matrix A1 is as follows,
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where F1 is the prescribed excitation force and the sub-matrices of matrix A1 are
given by
A
11
1 =
1
jω
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, (9.4)
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T, (9.5)
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Figure 9.3: Schematic ﬁgure to express mobility matrix and normal mode functions
at each skin of sandwich beam
Fig. 9.3 shows the sandwich beam (S3) which is the ﬂoating raft as shown in Fig.
9.2. For the isolator substructure S2 consisting of M identical isolators, the gener-
alized mobility matrix A2 is presented by
A
11
2 = diag
 
1
jωMl
+
jω
2K∗
l
 
M×M
, (9.7)
A
12
2 = diag
 
1
jωMl
 
M×M
= A
21
2 , (9.8)
A
22
2 = A
11
2 , (9.9)
where Ml is the mass of each isolator. Similarly, for the isolator substructure S4
consisting of N identical isolators shown in Fig. 9.3, the generalized mobility ma-
trix A4 is presented by
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where Ms is the mass of each isolator. For the ﬂexible raft structure S3, the mobility
matrix A3 can be derived by using a modal analysis method as follows,
A
11
3 = [χls(x
(3)
l ,x
(3)
s )]M×M, (9.13)
A
12
3 = [χls(x
(3)
l ,x
(4)
s )]M×N, (9.14)
A
21
3 = [χls(x
(4)
l ,x
(3)
s )]N×M, (9.15)
A
22
3 = [χls(x
(4)
l ,x
(4)
s )]N×N, (9.16)
where xl(l = 1,2,3,...,M) are the positional co-ordinates of the isolators in the sub-
structure S2 mounted between the rigid masses and the top skin of the sandwich
ﬂoating raft in the substructure S3, and xs(s = 1,2,3,...,N) denote the positional
coordinates of the substructure S4 mounted between the sandwich ﬂoating raft
and the sandwich base structure. Here, the components of the mobility matrix A
12
3
of the ﬂoating raft can be described as follows,
χls(x
(3)
l ,x
(4)
s ) =
jω
m
∞  
n=1
ψ
(3)
n (x
(3)
l )ψ
(4)
n (x
(4)
s )
 
Ω
(3)
n
 2
(1 + jη
(3)
n ) − ω2
,(l = 1,...,M,s = 1,...,N),
(9.17)
where the normal mode functions of the top and bottom skins of the free free sand-
wich beam for the raft structure in S3 are denoted by ψ
(3)
n and ψ
(4)
n respectively.
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Similarly, the mobility matrix of the base sandwich structure S5 can be de-
scribed as follows,
A5 = [Ξsk(x
(5)
s ,x
(5)
k )]N×N,(s,k = 1,2,...,N). (9.18)
The components of the mobility matrix of the base structure can be described as
follows,
Ξsk(x
(5)
s ,x
(5)
k ) =
jω
m
∞  
n=1
ϕ
(5)
n (x
(5)
s )ϕ
(5)
n (x
(5)
k )
 
Ω
(5)
n
 2
(1 + jη
(5)
n ) − ω2
, (9.19)
where ϕ
(5)
n denotes the normal mode functions of the top skins of the clamped
sandwich beam for the base structure in S5.
9.4 NaturalVibrationCharacteristicsofSandwichBeams
Using Higher Order Theory
Especially, this study attempts to ﬁnd out frequency change in different kinds of
boundary conditions and frequency dependent damping effect of MRE embedded
sandwich beam with potential, eventual application in smart ﬂoating raft vibra-
tion isolation systems using by smart sandwich raft for ship structures to reduce
noise occurred in high frequency band. In order to estimate the total power ﬂow
in a sandwich ﬂoating raft isolation system, the natural characteristics of sandwich
structures need to be studied ﬁrst. For numerical simplicity the ﬂoating raft, sub-
structure S3, can be modelled as a free-free sandwich beam while the base struc-
ture, substructure S5, can be modelled as a clamped-clamped sandwich beam.
From the numerical calculations, corresponding values of natural vibration (Ωn,
mode shapes (ψn, ϕn) and modal loss factor (ηn) from Eq. 7.24 of two different,
free-free and clamped, sandwich structures are given to Eqs. 9.17 and 9.19 as an
input values.
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9.5 Power Flow Analysis for Sandwich Floating Raft
Vibration Isolation System
For numerical calculations, the following data are used : m1 = 50 Kg, m2 = 30 Kg, bi
= 25 mm (i=1, 2, 3, 4). The stiffness and mass of the isolator in substructure 2 is 20
N/mm (Kl) and 0.5 Kg (Ml) and those of the isolator in substructure 4 is 40 N/mm
(Ks) and 0.5 Kg (Ms). Four isolators, two at each mass, are used in substructure 2
while three isolators are used in substructure 4. The loss factor (ηI) of the isolators
in substructure 2 and 4 is 0.05. Vertical harmonic excitation forces are of the forms
f11 = eiωt, f12 = 2f11. The sandwich beam in substructure S3 and S5 consists of
two glass-ceramic skins of dimensions 300 × 30 × 1.0 mm3 which are bonded to
the top and bottom of a PVC core of dimensions 300 × 30 × 20 mm3. The Young’s
modulus of the isotropic glass-ceramic skins and the shear modulus of the core are
36 GPa and 20 MPa respectively and the respective densities of the skins and core
are 4,400 and 52.06 Kg/m3, as used Sokolinsky et al. (2002). The loss factor (ηI) of
the core materials is 0.05.
9.5.1 Input power and transmitted power
Fig. 9.4 compares the input power spectrum P1 owing to the two machines to the
total power ﬂow transmission spectra P3 and P5. The difference between them
indicates the energy dissipated in this raft isolation system. It can be seen that
the input power ﬂow spectrum P1 is relatively simple in form with three pro-
nounced peaks corresponding to the natural frequencies of the isolation system.
The transmission spectra P3 and P5, however, vary signiﬁcantly with the exciting
frequencies in the medium- and high- frequency range, since they now contain
contributions from the elastic mode coupled dynamics of the overall system. The
relatively small number of coupled system and intermediate mass of isolators at
substructure 3 reduce the number of peaks and power spectrum P3 respectively.
The number of peaks indicate that the total input power spectrum P1 is less sen-
sitive than the total transmitted power spectrum to the changes of the excitation
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Figure 9.4: Comparison of power ﬂow spectra
frequencies as shown in Fig. 9.4. The behaviour of the power ﬂow spectrum is
supported by numerical results (Xiong et al. , 2001).
Based on the parameters described in the previous section, the inﬂuence of dif-
ferent variables such as thickness of core, thickness of skin, stiffness of sandwich
raft and base structure and the effect of isolators on power transmitted to the ﬂex-
ible foundation are discussed below.
9.5.2 Effect of sandwich raft on power transmissions
Fig. 9.5a compares power ﬂow spectra P5 considering different thicknesses of core
material in substructure 3 whilst skin thickness remains at 1mm. When the thick-
ness of the core increases from 20 to 80mm, the transmitted power spectrum de-
creases. The reason for this is that when the thickness of the core increases the
stiffness of the sandwich beam also increases, which results in decreasing power
transmitted to the base structure. This again is supported by the conclusion in
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Xiong et al. (1996). This indicates that an increase in core thickness of the sandwich
raft increases its stiffness, thus reducing the power transmitted to the foundation
at low-frequency ranges, and alters resonant peaks at medium-frequency ranges,
hence providing good vibration isolation. This result shows good agreement with
the trends in Li et al. (1997), i.e. that the transmitted energy decreases as thick-
ness of the core increases. Fig. 9.5b compares power ﬂow spectra with different
thicknesses of skin material of the sandwich raft for core thickness of 20 mm. The
change in thickness of the skin materials does not affect the power spectrum at
low-frequency ranges. From medium-frequency ranges to high frequency ranges,
the transmitted power spectrum decreases prominently with the increase of skin
thickness.
9.5.3 Effect of sandwich base structure on power transmissions
Fig. 9.6a shows power ﬂow spectra (P5) of the isolation system with different
thickness of core material of sandwich beam in substructure 5 whilst skin thickness
remains at 1 mm. Similar to the result of Fig. 9.5a, the core thickness changes also
affect the transmitted power. However, since decreased power ﬂow from ﬂoating
raft may not be effective to further decreasing power ﬂow at foundation, change
in the power ﬂow spectrum of the foundation is less signiﬁcant than that of the
ﬂoating raft in the whole frequency range.
Fig. 9.6b presents power ﬂow spectra with different thicknesses of skin mate-
rial of sandwich beam for substructure S5 for core thickness of 20 mm. The change
in thickness of the skin material does not affect much on power spectrum in the
whole frequency ranges. Even though there are power decreases at high frequen-
cies, the power reduction is not much more effective than that of the ﬂoating raft,
substructure S3.
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Figure 9.5: Comparison of power ﬂow spectra (P5) under the different thickness of
(a) core material and (b) skin material in substructure 3
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Figure 9.6: Comparison of power ﬂow spectra (P5) under the different thickness of
(a) core material and (b) skin material in substructure 5
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9.5.4 Changing skin and core modulus of raft beam
Fig. 9.7a shows a comparison of power ﬂow spectra (P5) with different properties
of skin material of the sandwich beam in substructure 3. The reference Young’s
modulus (Eref) of the skin material is 36 GPa. It is clear that even though the mod-
ulus changes by a ten-fold margin there is little effect on the power ﬂow spectrum
because it cannot reﬂect the whole stiffness of the ﬂoating raft effectively. Fig. 9.7b
shows a comparison of power ﬂow spectra (P5) with the different properties of
core material of sandwich beam in substructure 3, where reference shear modulus
(Gref) of the core material is 20 MPa. This result shows that property change of the
core material is more effective than that of the skin material.
9.5.5 Effect of isolators
Fig. 9.8 shows a comparison of transmitted power spectra with different stiffness
of the isolators in substructure 2 and substructure 4. The respective reference stiff-
nesses (Kref) of the isolators are 20 and 40 N/mm in substructure 2 and substruc-
ture 4. Comparisons are made with isolators stiffnesses of one tenth and ten times
that of the reference values, i.e. stiffness ratios of 0.1 and 10. Transmitted power
spectrum (P5) changes as stiffness of the isolator changes. Contrary to the results
of sandwich beam structure, transmitted power changes in inverse proportion to
the change of the stiffness of the isolators. In Fig. 9.8a, the fundamental frequency
of around 10 Hz is altered as the stiffness of the isolator changes. However af-
ter 100 Hz, the pattern of the three power spectrum curves are similar. Fig. 9.8b
shows that in lower-frequency range the resonant peaks dominated by isolators
are altered as the stiffness of the isolator changes up to 50 Hz. This is because the
coupling effect of the two stage isolation system, in which the ﬂoating raft as well
as base beam behave like rigid body. However above the frequency of 50 Hz the
resonant peaks of the three power spectrum are identical because of the coupling
effect of elastic modes of raft and base beams. Since the stiffness of the isolators
in substructure 4 is higher than that in substructure 2, the change of fundamental
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Figure 9.7: Comparison of power ﬂow spectra (P5) under the different properties
of (a) skin material and (b) core material in substructure 3
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Figure 9.8: Comparison of power ﬂow spectra (P5) under the different stiffness of
isolators between (a) substructure 2 and (b) substructure 4
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frequency ranges are shifted to higher-frequency ranges. These results show that
coupling mechanism between isolators and ﬂexible beams need to be considered
in the design of the ﬂoating raft isolation systems.
9.5.6 Damping effect of core materials in sandwich raft beam
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Figure 9.9: Comparison of power ﬂow spectra (P5) under the different damping of
core material in substructure 3
The inﬂuence of the damping effect for core materials of the ﬂoating raft can
be observed in Fig. 9.9. It is shown that increasing the loss factor of the core
material reduces the resonant peaks of the transmitted power ﬂow spectra (P5) in
the medium- to high- frequency ranges. At low- frequencies ranges, changes in
the transmitted powers cannot be observed. Also, there is not much effect on the
reduction of resonant peak prominently. However, the damping effect can be seen
inthemediumfrequencyrangeatabout100Hz. Itisinterestingtonotethatthereis
a pronounced peak observed in the transmitted power spectrum in P5 at about 650
Hz. This is because the modal damping of the sandwich raft beam corresponding
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to the symmetric vibration mode of the beam is very small. This phenomenon can
be explained from Fig. 9.9 which shows different modal loss factors for each mode
based on numerical calculation. This indicates that this resonant peak cannot be
avoided by increasing damping only in the high-frequency ranges, which is not
found in ﬂoating raft isolation system with isotropic beams. Further calculations
show that this peak can be avoided by changing stiffness of the raft and placement
of isolators.
9.6 Conclusion
A higher-order sandwich theory is implemented in conjunction with an equiva-
lent mobility-based power ﬂow progressive method to determine power ﬂow for
a sandwich conﬁgured ﬂoating raft vibration isolation system. The generalized
mobility matrices of a sandwich ﬂoating raft and ﬂexible foundation are derived
using higher-order sandwich theory.
The results from the application of the models developed herein show the fol-
lowing attributes: (a) increasing thickness of the core material of sandwich type
ﬂoating raft decreases transmitted power more effectively than that of foundation;
(b) when different properties of core material of ﬂoating raft are used, the power
spectrumvariesinwholefrequencyrange, whichleadstotheconclusionthatwhen
asandwichbeamisconsideredasaﬂoatingraft, thecorematerialchoiceismorein-
ﬂuential than that of skin material; (c) the stiffness change of isolators does not af-
fect the pattern of power spectrum in high-frequency ranges, though compromises
between numbers and stiffnesses of the isolators must be considered carefully; (d)
the loss factors of a sandwich conﬁgured ﬂoating raft inﬂuence the power ﬂow
transmitted to the foundation effectively from medium- to high-frequency range.
However the resonant peak corresponding to the symmetric mode of the sandwich
raft in high-frequency ranges cannot be avoided by increasing damping only. The
resonant peak can be avoided by changing stiffness of the raft and placement of
isolators.
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Overall, since a sandwich structure is adaptable, a smart sandwich beam can be
shown to be an adjustable ﬂoating raft which can control transmitted power from
the machinery to the base structure.
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Discussion and Novelty
This thesis described work concerned with the dynamic behaviour of magnetorhe-
ological elastomers (MRE) and MRE cored smart sandwich structure. Four novel
or unique features distinguish this work as outlined below.
10.1 Analysis of Dynamic Shear Properties of MRE
Dynamic MRE performances in terms of curing time, strain range and porous ef-
fect under different magnetic ﬁeld strength have been investigated. It has been
found that MRE samples cured in optimum time under magnetic ﬁeld exhibit
higher stiffness than samples cured for longer periods. Large hysteresis effect of
MRE indicates that cured sample under magnetic ﬁeld shows better damping ef-
fect than sample cured room temperature only. It is worth noting that the change
in loss factor is also dependent on strain ranges. Furthermore, the overall perfor-
mance (stiffness and damping changes) of porous MRE is found to be better than
that of denser MRE, since the magnetic forces create larger displacements within
the matrix of MRE with pores. However, the porous effect may result in poor in-
tegrity of material. With a controlled introduction of pores during manufacture,
elastomers with a good MR effect may be developed.
In addition an enhanced theoretical model with magnetisation effect on iron
particles is presented to achieve proper curing time. Good agreement between the
experimental results and the theoretical prediction including the magnetisation ef-
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fect on MRE is found. In parallel with this, a new macro scale modelling approach
forrubberlikenonlinearbehavingmaterialsbyadoptingFEAanalysisispresented
to obtain the optimum volume of pores and size of iron particles to enhance the
performance of MREs. The overall performance (stiffness and damping changes)
of porous MRE is found to be better than that of denser MRE, since the magnetic
forces create larger displacements within the matrix of MRE with pores. It has
been demonstrated that the change of shear modulus is found to increase with an
increase in the volume fraction of pores. Moreover, numerical results also show
that the size of iron particles within MRE materials inﬂuences MR performance:
as the size of iron particles decreases, higher stiffness and hysteretic behaviour is
observed.
This leads to the conclusion that despite the same combination of iron particles
and elastomers, the characteristics of MRE can be different owing to variations in
the size of iron particles, different curing time and volume fraction of pores.
10.2 AnalysisofMRECoreEmbeddedSandwichBeam
A new forced vibration test rig was developed to carry out comprehensive exper-
imental forced vibrational tests of MRE embedded sandwich beam to study vari-
ous aspects such as different magnetic ﬁeld strength, various oscillations of force
amplitudes, boundary conditions and damping effects under localised magnetic
ﬁelds.
Theresultsledtothefollowingobservations: (a)Frequencychangesofclamped
beam were more effective than those of simply supported beam. However, an ob-
vious damping effect was observed when the beam was simply supported and
when the air gap was reduced; (b)Since sandwich beam with thick steel skins in-
duced more magnetic ﬁeld than that with thin steel skins, more energy dissipation
could occur with thick skins under the same magnetic ﬁeld strength; (c) The force
amplitude, the magnetic ﬁeld strength and the combination of localised magnetic
ﬁeld affect the damping values; (d) The damping changes were effective when
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magnetic ﬁelds were applied in the middle rather than near of boundaries; (e) The
magnetic ﬁeld with same polarity was shown to lead to different behaviour of the
beam compared to when the magnetic of with different polarity was deployed.
Overall, these results enable to give a guideline for conducting potential applica-
tions for various shapes of MRE conﬁgured sandwich structures.
In addition the vibration characteristics of an MRE cored sandwich beam are
investigated to understand pheonomenon of frequency and damping changes un-
der the magneticﬁeld, theoreticallyand numerically. Higherorder sandwichbeam
theory is extended to include damping properties of MRE. Validations for the an-
alytical model agree well with experimental and FEA results for a steel skin and
PVC core sandwich beam. Theoretical sensitivity analyses show damping effect in
terms of different topologies. It is seen that relatively thicker cored sandwich beam
exhibits more damping effect. Futhermore, FEA results reveal that when boundary
condition is more constrained, higher frequency change effects can be obtained,
which is reasonably agreeable with experimental results shown in Chapter 5. It
has been demonstrated that higher order sandwich beam theory appears to be the
most versatile and accurate modelling method for sandwich beam with soft core
material.
10.3 PowerFlowAnalysisBasedonHigherOrderSand-
wich Beam Theory
In parallel to the development of higher order sandwich beam theory, power ﬂow
analysis for the smart ﬂoating sandwich raft vibration isolation system was car-
ried out. A higher-order sandwich theory was implemented in conjunction with
an equivalent mobility-based power ﬂow progressive method to determine power
ﬂow for a sandwich conﬁgured ﬂoating raft vibration isolation system for a steel
skin and PVC core sandwich beam. The generalized mobility matrices of a sand-
wich ﬂoating raft and ﬂexible foundation were derived using higher-order sand-
wich theory. Modal loss factor predicted from higher order sandwich beam theory
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in terms of different boundary condition was also implemented.
The results from the application of the models developed herein showed the
following attributes: (a) increasing thickness of the core material of sandwich type
ﬂoating raft decreases transmitted power more effectively than that of foundation;
(b) when different properties of core material of ﬂoating raft are used, the power
spectrumvariesinwholefrequencyrange, whichleadstotheconclusionthatwhen
asandwichbeamisconsideredasaﬂoatingraft, thecorematerialchoiceismorein-
ﬂuential than that of skin material; (c) the stiffness change of isolators does not af-
fect the pattern of power spectrum in high-frequency ranges, though compromises
between numbers and stiffnesses of the isolators must be considered carefully; (d)
the loss factors of a sandwich conﬁgured ﬂoating raft inﬂuence the power ﬂow
transmitted to the foundation effectively from medium- to high-frequency range.
However the resonant peak corresponding to the symmetric mode of the sandwich
raft in high-frequency ranges cannot be avoided by increasing damping only. The
resonant peak can be avoided by changing stiffness of the raft and placement of
isolators.
Overall, since a sandwich structure is adaptable, a smart sandwich beam is
shown to be an adjustable ﬂoating raft which can control transmitted power from
the machinery to the base structure.
10.4 Potential Applications for Propeller Shaft
An experimental study is carried out to illustrate the control capabilities of an MRE
based adaptive vibration absorber for a propeller shaft in real time. It is observed
that the vibration amplitudes at fundamental frequency ranges are signiﬁcantly
reduced by applying a magnetic ﬁeld. Due to property change capability of MRE,
a signiﬁcant frequency shift occurs and vibration amplitude reduction was ob-
served. That is to say, an MRE absorber can reduce vibration amplitude of the
shaft as well as outside of the shaft such as in the bearings, the strut and so on.
In numerical studies, frequency response analyses with various size of MRE layer
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were carried out. It was shown that even small amounts of MRE layer, large fre-
quency change can be acquired. These results give a guideline of how to design
MRE vibration absorber isolation system in conjunction with an adaptive passive
control system. Overall, this new idea could potentially be used in car industry,
marine, and other application where rotating shafts are used to transmit power
from the source to the application / delivery location such as a car transmission
system and a wind turbine system.
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Conclusions and Further Research
Work
11.1 Conclusions
The work presented in this thesis has provided an extensive examination on the
dynamic characteristics of MRE material and MRE adaptive sandwich structures.
The experimental investigations provide essential information on the curing time
and porous dependency on the dynamic MRE properties. These experimental
works have contributed to increasing the available knowledge of MRE materials
as well as the database of their dynamic material properties. A theoretical investi-
gation when combined with the knowledge of magnetisation effect depending on
curing time provides a unique method which allows the prediction of the prop-
erty of MRE. From macro scaled FE simulations, change of shearmodulus is found
to increase with an increase in the volume fraction of pores. Numerical results
also show that the size of iron particles withinMREmaterials inﬂuencesMR perfor-
mance: as the size of iron particles decreases, lower stiffness and higher hysteretic
behaviour is observed.
In addition, the new developed forced vibration test rig has provided a com-
prehensive examination of the dynamic behaviour of the MRE adaptive sandwich
structures based on material characterisations with respect to different boundary
conditions, various topologies and localised magnetic ﬁelds. Furthermore, higher
order sandwich beam theory has been demonstrated as being the most versatile
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and practical model to predict the modal frequencies and damping effect of a MRE
conﬁgured sandwich beam. FEA results revealed that different MR performance
can be achievedwhichdepends on the location ofmagnetic ﬁeldsapplied even with
same amount of magnetic ﬁeld area. These results indicate that the beneﬁcial effect
of localised magnetic ﬁeld is dependent of area of magnetic ﬁeld as well as location
of magnetic ﬁeld.
Experimental and numerical works on adaptive vibration absorber for a pro-
peller shaft has illustrated the control capabilities of MRE adaptive vibration ab-
sorber for a propeller shaft in real time. It is observed that the vibration ampli-
tudes at fundamental frequency ranges are signiﬁcantly reduced by applying a
magnetic ﬁeld. This new idea could potentially provide an improved means to
reduce/eliminate vibration in rotating shafts that are used to transmit power from
the source to the delivery location.
Finally, power ﬂow analysis using progressive methods, based on modal analy-
sis by aid of higher-order sandwich beam theory, for ﬂexible sandwich conﬁgured
ﬂoating raft vibration isolation system was proposed using PVC core. Case studies
of how various topologies of sandwich ﬂoating raft can act as vibration isolation
systems have been presented. It can be concluded that smart sandwich beam as a
ﬂoating raft controls vibration transmission from the machinery to the base struc-
ture.
11.2 Further Research Work
Several areas for further experimental and theoretical investigations that will need
to be addressed have been identiﬁed as follows:
• For material characteristics of MRE, more studies on aging and life cycle pre-
diction of MRE needs to be carried out.
• For structural characteristics, frequency dependent magnetic preload effect
on MRE core embedded sandwich beam should be carried out based on
166CHAPTER 11. CONCLUSIONS AND FURTHER RESEARCH WORK
higher order sandwich theory.
• Macro scale FE analysis restricts the analysis to mechanical properties of
MRE. More accurate modeling including magnetic attraction and repulsion
among iron particles to explore the behaviour of MRE using a usersubroutine
provided by ABAQUS is necessary.
• Experiment set up for vibration absorber for a propeller shaft shoud be con-
ducted with a rotating shaft and bearing including control algorithm.
• The effect of electromagnetic interference (EMI) on other onboard electric
equipment needs to be considered for real applications.
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182Appendix A
Component of mass and stiffness
matrix for simply supported beam
The present appendix stores the following expressions that are essential for the cal-
culation of mass matrix M and stiffness matrix K to be used to evaluate eigenvalue
in the section 7.2 discuss elsewhere in the thesis.
From Eq. 7.23 matrices of the mass and the complex stiffness are presented as
follows (Choi et al. , 2007),
M11 = mt +
1
12
mcd
2
tκ
2 +
1
3
mc
M12 =
1
6
mc −
1
24
mcdtdbκ
2
M13 = −
1
6
mcdtκ
M14 = −
1
12
mcdtκ
M21 =
1
6
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1
24
mcdtdbκ
2
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12
mcd
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bκ
2 +
1
3
mc
M23 =
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mcdbκ
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M31 =
1
6
mcdtκ
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1
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mc
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4 + bE
∗
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K41 = 0
K42 = 0
K43 = 0
K44 = −EAbκ
2
K45 = −b
K51 =
1
2
κb(c + dt)
K52 =
1
2
κb(c + db)
K53 = −b
K54 = −bκ
2
K55 =
c
G∗
c
+
c3b
12E∗
c
κ
2
where mt, mb, mc are mass of top, bottom and core respectively and b is the
width of the core and κ is nπ/L, where L is the length of the beam.
185Appendix B
Numerical coefﬁcients for governing
equation by using central difference
method
Discretized equations in terms of ﬁve variables, wt, wb, ut, ub and τ, are described
as follows,
a1w
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b
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